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CHAPTER 1 – BACKGROUND AND SIGNIFICANCE 
Concussion Definition and Symptoms  
Concussion in sport is defined as “a complex pathophysiological process affecting the brain 
induced by biomechanical forces” [1].  The concussion working group indicates that 
“Concussion may be caused either by a direct blow to the head, face, neck or elsewhere on the 
body with an “impulsive” force transmitted to the head.”  The signs of concussion include any 
loss of consciousness, slow to get up after contact, balance problems, vacant gaze, disorientation, 
and/or clutching of the head after contact.  There are several other symptoms that rely upon 
player reporting, including headache, dizziness, balance/coordination problems, nausea, amnesia, 
cognitive problems, sensitivity to light and sound, disorientation, visual disturbance, and tinnitus [2].   
The National Football League (NFL) [3, 4] and the National Hockey League (NHL) [5] have 
reported on concussion symptoms in 1740 and 559 concussions, respectively.  The most 
common symptoms of concussion in these datasets are general symptoms, such as, headaches 
and neck pain and cranial nerve symptoms, such as, dizziness and blurred vision.  In the NFL 
data, 64% of the injured players had general symptoms and 54% had cranial nerve symptoms.  In 
total, 82% had general and/or cranial nerve symptoms.  Players who sustained more severe 
injuries, resulting in the player being out greater than 7 days, had more initial symptoms (4.62 in 
1996-2001, 4.43 in 2002-2007) than players being out less than 7 days (2.75 in 1996-2001 and in 
2002-2007).  Players with repeat concussions were more likely to be out for greater than 7 days.  
The most common symptoms in these more-severely injured players were headaches (70%), 
dizziness (46%), and information processing (43%).  Most (93%) of the symptoms reported in 
the NFL study correlate to injury of the spinal cord, brain stem, and/or midbrain (Figure 1.1).  A 
table illustrating the symptoms associated with these regions is shown in Appendix A.1.  Most of 
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these injuries were the result of direct impact to the helmet; however, some (53 of 854 from 
2002-2007) did occur as a result of an indirect force being transferred to the head. 
 
In the NFL, loss of consciousness (a sign of concussion) was much less frequent than the 
reported symptoms of concussion with 6.6% of these injured players (115 out of 1740) having a 
loss of consciousness.  These players missed, on average, 5.2 days in 1996-2001 and 16.4 days in 
2002-2007.  The difference in time lost may reflect the changes in concussion management 
protocols over this period.  McCrory and Berkovic [6] conducted a video analysis of players who 
sustained a loss of consciousness in Australian football.  They concluded that the tonic posturing 
often seen in these players could be due to temporary brain stem dysfunction.  Others [7, 8] have 
found cellular damage in the brain stem of people who have had short or long periods of 
unconsciousness prior to succumbing to a fatal injury. 
Spinal cord
78%
SC or BS
7%
SC, BS or MB
7%
Other
8%
Figure 1.1:  The potential location of common symptoms related to concussion based upon 
1740 concussions in the National Football League [3,4].  The potential location of the 
symptoms is courtesy of Dr. Ira Casson.  A more detailed table is included in Appendix A.1.  
SC – Spinal cord, BS – Brain stem, MB – Midbrain.  Other – these players did not report 
symptoms in the table in Appendix A.1. 
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In animal studies [9, 10, 11], loss of consciousness, drowsiness, sluggishness, and poor 
coordination are common signs used to assess experimental concussion.  Transient physiological 
changes include bradycardia, tachycardia, respiratory failure, and loss of corneal reflex.  These 
physiological changes are primary functions of the brain stem [12].  Sances et al. [13] measured 
evoked potentials in the spinal cord and brain in response to static and dynamic tensile loading 
applied to the head.  They found a reduction in evoked potentials in the spinal cord and that 
changes in heart rate and respiration occurred shortly after these changes in evoked potentials.  
They concluded that the changes in evoked potentials and heart rate and respiration were due to 
distraction of the brain stem.  In primate studies, both Lenox et al. [14] and Sances et al. [13] 
have reported reduced spinal cord function occurs at approximately half of the failure level in 
tensile loading conditions. 
A Brief Historical Look at Concussion in the National Football League (NFL)  
Since 1982, it has been prohibited for a defensive player to use the crown of his helmet as the 
primary point of contact against a defenseless player; defined as a passer, a receiver while 
catching a pass, or a rusher who is already being tackled by other players.  The mild traumatic 
brain injury (MTBI) committee was formed in 1994 to conduct research regarding the 
biomechanics of concussion in the National Football League (NFL).  In 1995, the defenseless 
player rule was expanded to include kickoff/punt returners and a player who is already on the 
ground.  The rule was also modified to cover the defensive player not only striking with the 
crown of the helmet but also the forehead part of the helmet to the defenseless player’s head, 
neck, or face.  In 2009, the rule was further expanded to include the initial force of contact from 
the defensive player as being the defender’s helmet, forearm, or shoulder to the receiver’s head.  
In 2010, all defenseless players were protected from blows to the head from the defenders, and 
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kickers and punters were also protected from blows to the head by the opponent’s helmet, 
forearm, and shoulder.  Further extensions to this rule occurred in 2012, 2013, and 2015 to add 
additional defenseless players to the list: defensive players on blocks, long snappers on field 
goals and point-after attempts, and an intended receiver as defenseless player.  
From the years 2009 to 2011 several other rule changes were implemented.  These rule 
changes focused on the reduction of direct blows to the head from the tackler’s or blocker’s 
helmet, forearm, or shoulder.  In 2011, additional rule changes regarding kickoffs were made in 
an attempt to increase the number of touchbacks and reduce the speed of the players on the 
kickoff team by reducing the amount of a running head start that they may have.  Direct hits to 
the head delivered by the opponent’s helmet, shoulder, or forearm were found to be the most 
frequent hits causing concussion in the NFL [15].  There is no doubt that these rule changes have 
had a positive effect on the battle against concussion injuries. 
In parallel to the rule changes, helmet manufacturers have improved helmet designs in an 
attempt to help protect against concussion in football.  Viano et al. [16, 17] conducted two 
studies assessing the impact performance of 17 models of football helmets spanning from the 
1970s to 2010.  Of the helmets tested, four modern helmets resulted in a reduction (10 to 20%) in 
head response when compared to a baseline 1990s helmet (Riddell VSR-4).  There has also been 
an increasing trend in the size and weight of helmets over the same period.  Despite the rule 
changes and helmet improvements, the NFL data indicates that the average number of reported 
concussions in the regular season from 1996 to 2000, 2001 to 2005, 2006 to 2010, and 2011 to 
2015 was 105, 90, 123, and 157, respectively (Figure 1.2).     
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There are several other factors that confound these injury data.  Some of the teams in 1996 
through 2001 may not have been reporting their injury data.  However, even if the injury data 
was being under-reported by 10%, as has been suggested [18], the regular season injury data still 
indicates there is an increase in the number of diagnosed concussions per year.  New concussion 
protocols have now been implemented, and there have also been unaffiliated neurological 
consultants added to the sidelines in NFL games and injury spotters overseeing the game to help 
spot suspicious impacts [19].  The decline in NFL injury numbers from 1996 to 1999 may be, in 
part, due to the rule changes regarding direct hits to the head.  There was an increasing trend in 
the number of concussions reported per year in the NFL despite improvements to helmets and 
relatively few rule changes from 2000 to 2010.  In the year 2000 there were only 69 regular 
season concussions reported, which is a 20 year low, and in 2010 there were 159 regular season 
concussions reported.  A factor that may help to explain the increasing trend during this time is 
the increasing size and mass of the players during this time period.  Based upon the NFL 
Figure 1.2:  A 20 year history of the incidence of concussion in the NFL 
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combine data from 2000 to 2010, the average 40 yard dash speed increased from 7.60 m/s in 
2000 to 7.70 m/s in 2010, equating to an increase of 1.3%, and the average mass of the players 
increased from 110.3 kg to 111 kg.  The average momentum was increased by 2.0% from the 
year 2000 to 2010.  The increasing player momentum (players’ mass and speed) during this time 
may be contributing to the increasing trend of concussions in the NFL; however, it seems there 
are also other factors. 
Other Historical Research 
Most attention is paid to the roles of translational and rotational accelerations or velocities of 
the head causing concussion.  Little recent attention has been paid to forces and deformation at 
the atlanto-occipital joint and brain stem [20].  There is compelling new and older data on the 
importance of forces and deformation of the brain stem causing concussion [15, 16, 18, 19, 21, 
22, 23, 24, 25, 26, 27, 28, 29, 31, 32, 33].   
Gurdjian et al. [22] discussed the mechanism of concussion and concluded that it involves a 
specific area of the brain - the brain stem - based on animal research.  Gurdjian et al. [23] studied 
the upper cervical spine and found that tissue damage from a head impact is caused by shear 
forces at the craniocervical joint.  Hodgson [24, 25] and Gurdjian et al. [26] found high strains in 
the area of the foramen magnum in occipital impacts to primates and dogs.  Gurdjian et al. [27] 
and Hodgson [24] reported that impacts to the occiput of dogs caused the brain stem and 
cerebellum to be extruded through the foramen magnum and that dogs were more susceptible to 
concussion than primates in these impacts.  Hodgson and Thomas [21] also found relative 
motion and strain in the craniocervical joint and brain stem in primates when a brain hemisphere 
was subjected to rotational and translational movement.  They deduced that the strain in the brain 
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stem was due to forces from the spinal cord and indicated that their results suggest the 
mechanism of brain stem injury is due to stretching of the cervical cord.   
Friede [10, 11] studied the mechanics of concussion by evaluating the symptoms and 
neuropathology in the upper spinal cord and brain stem of cats as a result of impacts and drop 
tests with the head supported.  The latter were non-impact tests and resulted in forces being 
transferred through the foramen magnum and the cervical spine stretching.  Each of these 
loading conditions resulted in the same symptoms: loss of consciousness, drowsiness, 
sluggishness, and poor coordination.  Temporary physiological changes included bradycardia, 
tachycardia, respiratory failure, and loss of corneal reflex.  The loss of corneal reflex lasted less 
than four minutes in all cats, with most being less than one minute.  Both conditions also resulted 
in, first, a lesion at the level of C1-C2 in the spinal cord in which the thick fibers underwent 
Wallerian degeneration.  Second, there was a subsequent axonal reaction, resulting in 
chromatolytic cells concentrated in the reticular formation and lateral vestibular nucleus of the 
brain stem.  The more severe injuries also resulted in chromatolytic cells in the red nucleus.  The 
lesion at the level of C1 occurred, but chromatolytic cells in the brain stem did not, in the 
subjects that expired as a direct result of the testing, supporting that a degenerative process 
occurs.  Friede [10, 11] concluded that craniocervical stretch and flexion are the most important 
factors for the mechanics of concussion.  In these tests, when the cervical spine muscles were 
tetanized it reduced the potential for injury [30].   
Denny-Brown and Russell [31] conducted pendulum impacts to the occiput of cats with the 
head either fixed or free to move upon impact.  They found when the head was fixed relative to 
the body, no concussion occurred; however, when the head was free to move, a concussion did 
occur.  They also found concussion signs in the decerebrate animal; indicating the involvement 
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of the brain stem.  Ommaya et al. [29] impacted the occiput of collared and un-collared primates.  
They found when the primates were wearing a cervical collar they were very difficult to be 
concussed.  The collared primates sustained head accelerations nearly twice as high as the un-
collared primates without concussive symptoms.  Ommaya et al. [29] identified that this could be 
due to the reduction in tensile strains along the brain stem.  The animal research indicates the 
brain stem may play an important role in a mechanism of concussion. 
Breig [28] analyzed the biomechanics of the central nervous system, including the spinal 
canal, the spinal cord, and the brain stem, in 183 cadavers.  He found that the spinal cord motion 
is coupled with the spinal canal motion by the denticulate ligaments and nerve roots.  He studied 
flexion, extension, and lateral bending of the cervical spine and reported flexion results in an 
overall elongation of the spinal canal and spinal cord, coupled with narrowing of the spinal cord.  
Extension resulted in an overall shortening of the spinal canal and a thickening of the spinal 
cord.  Others have imaged the living human [34, 35] and primate [36] head and neck with X-ray 
or MRI and found elongation of the cervical spinal cord in flexion and shortening in extension.  
Breig [28] indicated the tension generated in the spinal cord can be transmitted from the spinal 
cord to the brain stem (medulla oblongata, pons, and midbrain), cerebellum, and cranial nerves 
(V – XII), resulting in elongation of these brain tissues.  The largest elongation occurred in the 
medulla oblongata, and no elongation was apparent superior to the midbrain.  This cadaveric 
study points to the upper cervical spinal cord and brain stem being susceptible to injury due to 
their coupled motion. 
Ishii et al. [37, 38, 39] conducted in-vivo, three-dimensional imaging studies of the head 
undergoing axial rotation and lateral bending in the living human.  The in-vivo studies indicated 
that, during axial rotation of the head, the largest rotational movement occurs at C1-C2.  Lateral 
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bending resulted in elongation on the contralateral side and shortening on the ipsilateral of the 
spinal canal, similar to Breig [28].  In lateral bending, there is coupled axial rotation that occurs 
at C1-C2 which is consistent with the findings of White and Panjabi [40].   Research has also 
shown that when tensile loads are applied to the head, resulting in tensile loads at the atlanto-
occipital joint, the greatest amount of elongation occurs at the upper cervical spine (Occiput–C2) 
[13, 18, 41, 42].  These studies indicate that the stretching in the upper cervical spine and spinal 
cord has the greatest magnitude during tension, flexion, and axial rotation.  People do not sustain 
concussion under normal range of motions in axial rotation and flexion.  This suggests that 
tensile (distraction) forces in the upper cervical spine, which is not a common range of motion in 
the human due to our upright posture, and the rate of these movements may be important.    
Pellman et al. [43] reported on the analyses of 182 severe game impacts in the NFL and the 
reconstruction of 31 impacts using the Hybrid III 50th percentile anthropomorphic test device 
(ATD).  The Head Injury Criteria (HIC) was one of the best predictors of concussion from these 
reconstructions; however, Viano et al. [44] has recommended further study of the head 
kinematics, such as, neck axial rotation, and neck tension after the impact has occurred, and their 
relation to concussion since neck stiffness can affect headform delta-V.  Collins et al. [45] 
indicated that lowered neck strength is a significant predictor of concussion; however, they 
recommended that further research is necessary to understand why.   
Finite element modeling is another approach to assess tissue level strains in the brain stem 
and spinal cord.  Giordano and Kleiven [46] studied axonal strain in the brain by conducting 
finite element modelling using a head and cervical spine model based upon the NFL 
reconstructions [40].  They found strain in the axonal direction is a better predictor of injury than 
maximum principal strains and that axonal strain in the brain stem was the best predictor of 
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injury.  However, they indicate the neck model used was not a biofidelic model.  Antona‐
Makoshi et al. [47] studied a head and cervical spine finite element model of the monkey by 
reproducing experimental test data of Ono et al. [48] and found strains in the brain stem to be the 
best predictor of concussion.  Other finite element modeling studies [20, 49, 50, 51] do not 
incorporate a biofidelic finite element model of the neck.  Therefore, their ability to calculate the 
strains in the brain stem and spinal cord is questionable.   
Significance 
Concussion signs and symptoms found in NFL, NHL players, and boxers and physiological 
changes found in animals can be correlated to injury to the upper cervical spinal cord or brain 
stem.  Historical and current research using cadavers, animal models, and finite element 
modelling indicate that strains occur in the brain stem and upper spinal cord during head 
movement and impacts to the head.  They also indicate that strain in the brain stem is one of the 
best biomechanical predictors of concussion.  It is my hypothesis that an important mechanism 
of concussion is related to the strain and strain rate in the brain stem and upper spinal cord, or in 
an anthropomorphic test device, the forces at the upper neck and velocity of these forces.  If this 
proves to be a predictor of concussion these findings can have significant influence on 
understanding a mechanism of concussion.  These data can then be applied to assess helmet 
performance and identify alternative methods to protect against concussion.  The findings will 
highlight the importance of the need for more biomechanical research in this field to assess the 
interaction between the brain stem and upper spinal cord by way of cadaveric testing and finite 
element modeling. 
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CHAPTER 2 – ANATOMY AND PHYSIOLOGY 
A general overview of the anatomy of the brain and osteoligamentous upper cervical spine is 
provided in this section.  The overview is limited to the cranium and its meninges, the surface 
anatomy of the cervical spinal cord and brain stem, and the internal architecture of the brain 
stem, highlighting some of the key functional pathways and the ventricles of the brain and 
cerebral spinal fluid (CSF) flow.  Details of the anatomical structures can be readily found in 
various published sources [12, 40, 52].  The complex musculature related to the head and 
cervical spine is not discussed. 
Osteoligamentous Cervical Spine  
The cervical spine consists of seven motion segments (OC-C2, C2-C3, C3-C4, C4-C5, C5-
C6, C6-C7, C7-T1), extending from the skull to the first thoracic vertebrae.  The cervical spine 
can further be subdivided into two regions: the upper cervical spine (UCS) (OC-C2) and the 
lower cervical spine (LCS) (C2-T1) (Figure 2.1).  There are differences in both the anatomical 
structures and the functions of the UCS and LCS.  There are various ligaments attaching the 
vertebrae to one another.  Intervertebral discs absent between the skull and C1 and between C1 
and C2.  
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The skeletal structures in the UCS (Figure 2.2) are the base of the skull, atlas (C1), and axis 
(C2).  The atlas and axis are specialized vertebrae.  The atlas is a ring-shaped structure and 
differs from the other vertebrae since it has no vertebral body, but it does have enlarged facets on 
the lateral aspect of the ring.  The base of the skull rests on the surface of these facets of the 
atlas.  This motion segment, known as the atlanto-occipital joint (AO), is responsible for a large 
portion of the nodding (flexion/extension) motion of the head.  The axis consists of a vertebral 
body and a posterior arch, similar to the vertebrae in the LCS; however, it has an additional 
feature, the odontoid process.  The odontoid process is positioned superiorly, protrudes near the 
anterior arch of the atlas, and articulates with this arch.  The atlantoaxial (AA) motion segment 
(C1-C2) provides approximately half of the axial rotation (“No”) range of motion of the head.  
This segment (AA) is also responsible for approximately 20 deg in flexion/extension [53].       
Figure 2.1:  The upper and lower cervical spine 
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The ligamentous portion of the UCS includes a continuation of the posterior longitudinal and 
anterior longitudinal ligaments (PLL and ALL) in the LCS; however, there are ligaments that are 
unique to the UCS.  These ligaments are the cruciform (superior, transverse, and inferior), apical, 
and alar ligaments.  The PLL and ALL insert into the base of the skull and are continuous with 
the tectorial membrane at this location.  The transverse cruciform ligament connects the medial 
aspect of the lateral mass of C1 to the odontoid process, constraining posterior movement of the 
odontoid process.  The inferior and superior cruciate ligaments attach to the anterior portion of 
the foramen magnum and posterior aspect of the vertebral body of C2.  The apical ligament 
attaches the superior point (apex) of the odontoid process to the base of the skull, while the alar 
ligaments connect the odontoid process laterally to the base of the skull. 
Table 2.1 summarizes the ranges of motion based upon in-vivo imaging studies of the living 
human cervical spine.  This table reports only the primary direction of motion.  Coupled motion 
also occurs in the cervical spine.  The magnitude of these coupled motions is discussed in the 
cited literature. 
Figure 2.2:  Osteoligamentous anatomy of the cervical spine 
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Level 
Lateral 
Bending Flexion Extension 
Axial 
Rotation 
  
One side [39] [53, 54] [53, 54] 
One Side   
[37, 38] 
  [deg] [deg] [deg] [deg] 
C0-C1 1.9 12.6 17.8 1.7 
C1-C2 1.6 15.4 7.3 36.2 
C2-C3 3.7 5 3 2.2 
C3-C4 3.5 6 5 4.5 
C4-C5 3.3 7 8 4.6 
C5-C6 4.3 6 5 4.0 
C6-C7 5.7 7 4 1.6 
C7-T1 4.1 -  -  1.5 
Total 28.1 59.0 50.1 56.3 
Table 2.1: Range of motion of the motion segments of the cervical spine based upon select in-vivo 
imaging studies 
 
The Cranium  
The cranium (or skull) is the skeletal section of the head (Figure 2.3).  It is segmented into 
the neurocranium, which is the bony covering of the brain (cranial vault), and the 
viscerocranium, which is the facial skeleton.  There are eight bones that make up the 
neurocranium: the frontal, parietal (left and right), temporal (left and right), occipital, sphenoid, 
and ethmoid.  The inferior and external aspect of the occipital bone contains the occipital 
condyles which articulate with the condylar surfaces on the atlas.  The union of the bones of the 
neurocranium are known as sutures.  The coronal suture forms the connection between the 
frontal and parietal bone; the lambdoid suture between the parietal, temporal, and occipital 
bones; and the sagittal suture between the left and right parietal bones.  The pterion suture is an 
H-shaped formation that unites the frontal, parietal, sphenoid, and temporal bones.  In the infant, 
the sutures are not rigidly formed.  They begin to form at approximately the age of one and a half 
to two and a half, and it is not until the second or third decade of life that the sutures are 
completely formed.   
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The cranial base is the inferior aspect of the neurocranium (Figure 2.4).  In the cranial base, 
the occipital bone interfaces with the temporal, parietal, and sphenoid bones.  The sphenoid bone 
consists of a body and three pairs of processes known as the greater and lesser wings and the 
pterygoid processes.  The ethmoid bone lies anterior-superior to the sphenoid bone.  It interfaces 
anteriorly and superiorly with the frontal bone and posteriorly and inferiorly with the sphenoid 
bone.  The cranial base is divided into three separate regions: the anterior, middle, and posterior 
fossae.  The anterior fossa is formed by the frontal bone anteriorly and the sphenoid bone 
posteriorly.  The middle cranial fossa is composed of deep depressions on each side of the sella 
turcica of the sphenoid bone and the petrous portion of the temporal bone.  The pituitary gland is 
contained within the sella turcica.  The posterior fossa is the posterior aspect of the cranial base.  
Figure 2.3:  The cranium 
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There are broad grooves in the posterior fossa that are formed by the transverse and sigmoid 
sinuses.  There is also an internal occipital crest which sub-divides the posterior fossa into two 
cerebellar fossae.  
In the cranial base there are several openings (foramina) to allow for cranial nerves and other 
structures to enter and exit the neurocranium.  The largest opening in the cranial base is the 
foramen magnum which is the entrance of the spinal cord.  This is located at the center of the 
posterior fossa.  There are two jugular foramen which are anterior and lateral to the foramen 
magnum and allow for the exit of the left and right jugular veins.   
The Meninges (Dura, Arachnoid, and Pia Mater) 
The neurocranium houses the brain and the spinal column houses the spinal cord.  The brain 
and spinal cord make up the central nervous system (CNS) and are covered externally by the 
meninges, which are the dura, arachnoid, and pia mater.  The meninges act to protect the brain 
Figure 2.4:  Inferior view of the skull 
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and spinal cord and also form the supporting framework for various arteries, veins, and venous 
sinuses.   
The outermost layer is the dura mater which is a tough, thick, fibrous layer.  There are two 
layers that make up the dura mater: the outer periosteal layer which is attached to the skull and 
the inner meningeal layer.  The dura compartmentalizes the neurocranium and supports parts of 
the brain.  There are several dural infoldings that branch off of the dura mater: the cerebellar 
tentorium, the cerebral falx, the cerebellar falx, and the sellar diaphragm (Figures 2.5 and 2.6).  
The cerebral falx is the largest dura infold and it separates the right and left cerebral 
hemispheres.  It stretches from the crystal galli on the frontal bone to the internal occipital 
protuberance posteriorly and attaches to the cerebellar tentorium in its midline.  The cerebellar 
tentorium divides the cerebrum (superior) from the cerebellum and brain stem (inferior).  The 
dura is attached to the foramen magnum and the periosteum covering the upper cervical spine 
and ligaments.  The dura continues inferiorly and the epidural space separates the dura mater and 
the spinal canal inferior to the UCS.  The dura lines the external surface of the spinal nerve roots. 
  
Figure 2.5:  Dural infoldings Figure 2.6:  Dural venous sinuses 
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In the neurocranium, the periosteal and meningeal layers of the dura separate to make room 
for the dural venous sinuses (Figure 2.6).  The dural venous sinuses collect blood from the larger 
veins on the surface of the brain and drain inferiorly toward the cranial base.  The superior 
sagittal sinus and inferior sagittal sinus run along the exterior and interior borders of the cerebral 
falx, respectively.  The straight sinus is formed by the union of the inferior sagittal sinus and the 
cerebral vein.  The straight sinus and superior sagittal sinus meet at the confluence of sinuses 
which then transitions to the transverse sinuses, the sigmoidal sinuses, and then feed to the 
internal jugular veins.  Inferior to the confluence of sinuses is the occipital sinus.  The occipital 
sinus drains inferiorly towards the marginal sinus which surrounds the foramen magnum and 
then to the vertebral venous plexus (VVP), the suboccipital veins, or through the internal jugular 
vein.  
The periosteal layer of the dura is attached to the bone, and the arachnoid mater is held 
against the inner meningeal layer of the dura by the pressure of the CSF and conforms to the 
shape of the dura mater.  The space between the meningeal layer of the dura mater and the 
arachnoid mater is known as the subdural space.  This is a potential space and does not normally 
exist.  The arachnoid mater is a thin, avascular, intermediate layer (Figure 2.7).  The space 
between the arachnoid and pia mater is a real, natural, physical space versus the spaces between 
the cranium and dura or dura and arachnoid which are not physical spaces.  The subarachnoid 
space contains trabecular cells, veins, arteries, and the cerebral spinal fluid (CSF).  The pia mater 
is a delicate internal vascular layer that adheres to the surface of the brain and follows its 
contour.  Since the arachnoid mater follows the dura and the pia mater follows the surface of the 
brain, there are areas where the pia and arachnoid mater separate.  These are known as cisterns.  
The cisterns in the brain are spaces that contain a greater volume of CSF.  
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The subarachnoid space continues inferiorly and surrounds the spinal cord.  On the spinal 
cord, the internal surface of the dura/arachnoid mater is tethered to the pia mater and spinal cord 
by 21 pairs of ligaments, known as the denticulate ligaments (DL).  The DLs are located laterally 
on the spinal cord between the ventral and dorsal nerve roots.  Each ligament has various 
triangular extensions running from the lateral aspect (dura mater) that converge to a single 
narrow strip and are attached medially to the pia mater covering the spinal cord [55].  The DLs 
are made of collagen fibres and begin at the craniovertebral junction, with pairs present on the 
spinal cord inferiorly to the level of T12.  The DLs are larger in diameter in the cervical spine 
and there is a greater number than in the thoracic spine.  The first DL is attached to the spinal 
cord in close proximity to the spinal accessory nerve rootlets (cranial nerve XI).  In the cervical 
spine, the DLs penetrate the pia and the collagen fibres attach to the spinal cord directly [55].  
Cerebrospinal Fluid  
CSF is produced primarily by the choroid plexuses which are located in the ventricles of the 
brain at a rate of 400-500 mL/day.  CSF is a clear fluid, and its flow is pulsatile and varies with 
Figure 2.7:  The meninges 
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heart rate and respiration.  It surrounds both the brain and spinal cord and acts to perform 
cleanup by removing metabolic waste and its flow helps to regulate intracranial pressure.  There 
is approximately 150 mL of CSF within the CNS.  Approximately 40-50 mL is located in the 
cranium, with 20-25 mL in the ventricles and 20-25 mL in the subarachnoid space, and 100 mL 
is within and surrounds the spinal cord.  The normal CSF pressure with the patient lying on 
his/her side by lumbar puncture is 8 – 15 mmHg, which is similar to the normal intracranial 
pressure in this orientation, and this pressure varies by approximately 1 mmHg in the normal 
adult. 
There are four ventricles of the brain (Figure 2.8): the lateral ventricles (2), the third 
ventricle, and the fourth ventricle.  The lateral ventricles are the most superior within the brain 
and are paired structures located above the cerebellar tentorium.  CSF is primarily produced in 
these ventricles then converges at the septum pellucidum and flows inferiorly towards the third 
ventricle, which is located superior to the mesencephalon.  The flow then continues inferiorly 
and posterior to the brain stem through the cerebral aqueduct toward the fourth ventricle which is 
located posterior to the pons and anterior to the cerebellum.  From this location, some CSF flows 
through the lateral apertures towards the arachnoid mater lining the surface of the neurocranium, 
some flows inferiorly and into the central canal of the spinal cord, and some flows inferiorly and 
into the arachnoid mater lining the spinal cord.  The remainder flows inferiorly through the 
median aperture towards the basal cistern, which is located posterior to the brain stem and 
inferior to the cerebellum. 
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There are various cisterns located in the neurocranium (Figure 2.9), which are areas located 
mainly at the base of the brain.  These are spaces where the arachnoid and pia mater are 
separated by large pools of CSF.  The main cisterns are the cerebellomedullary cistern, the 
pontocerebellar cistern, the interpeduncular (basal) cistern, the chiasmatic cistern, and the 
quadrigeminal cistern.  CSF from these various cisterns flows through the sulci and fissures on 
the cerebral hemispheres and around the cranial nerves.  The CSF is then reabsorbed into the 
blood stream.  The main site of reabsorption is through the arachnoid granulations which are 
protrusions of the arachnoid villa into the dural venous sinuses.  By way of the dural sinuses the 
CSF flows out of the neurocranium.  
  
Figure 2.8:  Ventricles of the brain 
Figure 2.9:  Cisterns of the neurocranium 
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Surface Anatomy of the Brain Stem and Upper Spinal Cord 
The brain stem and cerebellum are located in the posterior cranial fossa.  They are 
surrounded posteriorly by the occiput, anteriorly by the occiput and sphenoid, and superiorly by 
the cerebellar tentorium.  The brain stem is encapsulated by CSF.  The basal and pontomedullary 
cisterns separate the ventral aspect of the brain stem and the occiput and sphenoid bones.  The 
third ventricle is superior to the brain stem and the cerebral aqueduct, and fourth ventricle and 
cerebellomedullary cistern are dorsal to the brain stem.  The brain stem is subdivided into 3 
parts: the medulla, the pons, and the mesencephalon (midbrain) (Figure 2.10).  The 
mesencephalon travels through the opening in the cerebellar tentorium (tentorial hiatus) to 
communicate with the upper compartment of the brain (diencephalon and telencephalon).   
Figure 2.10:  Surface anatomy of the brain stem 
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Inferiorly, the brain stem travels through the foramen magnum and is continuous with the 
cervical spinal cord.  The inferior aspect of the brain stem is defined as being just above the first 
pair spinal nerve roots, which can be approximated by a transverse plane through the apex of the 
dens and the middle of the posterior arch of the atlas. 
The nerve roots for cranial nerves (CN) III through XII originate in the brain stem and exit 
the neurocranium through various foramen.  The CNs contain sensory and/or motor fibres to 
innervate muscles or glands within the body or carry impulses from sensory receptors.   
Major Functions of the Brain Stem  
The brain stem plays an important role in sensory, motor and autonomic functions of the 
body.  The brain stem also provides pathways to integrate information between the cerebrum, 
cerebellum, and spinal cord.  Naidich et al. [52] provides a detailed overview of the major 
functions of the brain stem and the interested reader is referred to this reference for specific 
details on the sensory and motor functions of the brain stem.  Some of these primary functions 
are briefly discussed herein. 
Some of the primary functions of the brain stem are the regulation of consciousness and the 
control of heart rate and respiration, and therefore, it is essential for life.  The control centers for 
these processes lie within the reticular formation of the brain stem.  The precise location of the 
regulation of consciousness is difficult to pin point; however, it is generally thought that the 
pontine tegmentum, located in the pons, is an integral part of consciousness.   Autonomic control 
of heart rate is completed through the glossopharyngeal (CN IX) and vagus (CN X) nerves with 
their control centers located at the nucleus of solitary tract and the dorsal motor nucleus of the 
vagus nerve.  The medulla is the primary control center for respiration with secondary control 
occurring in the pons. 
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The vestibular area of the brain stem is responsible for balance, posture and the sensing of 
head position and movement.  The vestibular nuclei are located in the floor of the fourth 
ventricle and it is subdivided into four sub-regions: 1) the inferior vestibular nucleus (Roller), 2) 
the medial vestibular nucleus (Schwalbe), 3) the lateral vestibular nucleus (Deiter), and 4) the 
superior vestibular nucleus (Bechterew).  The vestibular/ocular motor reflex is integrated in the 
medial vestibular nucleus of the brain stem.  This reflex regulates eye movements to stabilize 
images while the head is moving.  Diagnostic testing related to this reflex has recently been 
shown to be a sensitive diagnostic tool for concussion [56].  The lateral vestibular nucleus is 
linked to the spinal cord through the vestibulospinal tract and is responsible for control of 
balance. 
The trigeminal nucleus is a large network of nuclei that lie on the brain stem and extend 
through the midbrain, pons and medulla.  The superior part of the trigeminal nucleus is known as 
the mesencephalic nucleus, the medial part is the pontine nucleus and the inferior part is the 
trigeminocervical nucleus.  The trigeminal nerve is the largest of the cranial nerves and is 
responsible for the sensory functions in the face and upper cervical spine and motor functions in 
the face such as mastication.  The spinal trigeminal nucleus (inferior part) integrates pain and 
temperature sensation from the face as well as from the first three cervical nerves.  The pain 
sensation in the cervical nerves is a possible mechanism of cervicogenic headache [57, 58].  
A brief overview of the major functions of the brain stem has been provided.  In animal 
studies, concussion has previously been diagnosed based upon loss of consciousness and has 
been associated with changes in heart rate and respiration.  In the human, the most common 
symptoms (Chapter 1) of concussion in 1740 NFL players were general symptoms (64%) or 
cranial nerve (54%) symptoms.  Eighty two percent of players had general and/or cranial nerve 
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symptoms.  The most common general symptoms were headache (57%) and neck stiffness (13%) 
while the most common cranial nerve symptoms were dizziness (41%) and blurred vision (17%).  
This brief overview of major brain stem functions indicates that most signs and symptoms of 
concussion could be related to a mechanism of injury involving the upper cervical spinal cord 
and/or brain stem.   
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CHAPTER 3 – SPECIFIC AIMS 
The motivation for this study is that, despite advancements in helmet technology to reduce 
head accelerations, the incidence of concussion has not reduced.  This suggests a different 
mechanism of injury that that which helmets protect against.  In the NFL, the lack of reduction in 
the incidence of concussion is complicated by ongoing rule changes, changes to concussion 
protocol, and evolving definition of concussion.  However, there is compelling older and new 
research to point to tension or strain in the brain stem and the upper cervical spine as a potential 
source for signs and symptoms related to concussion.  Helmets are not designed to reduce strain 
in the brain stem. 
The central hypothesis of this dissertation is that the strain and strain rate in the upper 
cervical spine and brain stem correlate to concussion.  In the Hybrid III ATD this could be 
quantified as the power at the upper neck.  The hypothesis is based upon the cited research 
involving animal, cadaveric and finite element mathematical models and that elongation of the 
cervical spine can result in tension in the spinal cord, brain stem, and cranial nerves.  This is 
supported by the fact that the signs of and most common symptoms of concussion are related to 
injury in the upper cervical spinal cord and brain stem.   
The overall aim of this research is to understand whether the strain and strain rate in the 
upper spinal cord and brain stem and/or the power at the upper neck, when measured in an ATD, 
is a biomechanical predictor of concussion.  The data in this dissertation were collected and 
analyzed as several smaller scale studies and each Chapter is organized as a separate scientific 
paper.  Therefore, there will be some repetition in the Introduction and Discussion sections of the 
chapters.   
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The specific aims for each chapter are outlined below.   
Chapter 4 – To assess the effects of helmet weight on Hybrid III head and neck responses by 
comparing un-helmeted and helmeted impacts. 
Chapter 5 – To develop and assess repeatability of a new laboratory method to simulate 
player-to-player collisions in contact sports. 
Chapter 6 – To assess the head kinematics and neck kinetics in concussion with no head 
contact and to assess the effects of helmet weight in un-helmeted and helmeted impacts to the 
chest. 
Chapter 7 – To reconstruct several injury causing collisions in football and assess the head 
and neck responses as predictors of concussion in football.  
Chapter 8 – To estimate the strains in the spinal cord and brain stem as a result of head 
movement relative to the body and combine this with the reconstruction data to estimate the 
strains and strain rates in the upper cervical spinal cord and brain stem of injured and 
uninjured players. 
  
28 
 
 
CHAPTER 4 – THE EFFECTS OF HELMET WEIGHT ON HYBRID III HEAD AND 
NECK RESPONSES BY COMPARING UN-HELMETED AND HELMETED IMPACTS 
This chapter has been previously published in the Journal of Biomechanical Engineering.  The 
citation for the publication is: 
Jadischke R, Viano DC, McCarthy J, King AI.  The Effects of Helmet Weight on Hybrid III 
Head and Neck Responses by Comparing Unhelmeted and Helmeted Impacts.  J Biomech Eng. 
138(10).  2016. 
INTRODUCTION 
Football helmets in the early 1900s were made of leather and included a marginal amount of 
padding.  In the early 1970s, the National Operating Committee on Standards for Athletic 
Equipment (NOCSAE) was formed and collaborated with Wayne State University to develop 
standards and biofidelic headforms for use in impact testing.  Currently, the NOCSAE football 
helmet standard for newly-manufactured football helmets requires the NOCSAE headform to 
experience a Gadd Severity Index (GSI) of less than 300 to 1200 in drop tests to various 
locations on the helmet [59].  The drop velocities range from 3.46 to 5.46 m/s.   
Viano et al. [16, 17] conducted two studies assessing the impact performance of 17 models of 
football helmets spanning from the 1970s to 2010.  When compared to linear impactor tests of 
the un-helmeted headform, there was, on average, a decrease of head accelerations of 20%, 22%, 
21%, and 33% for the 1970, 1980, 1990, and 2010 helmets, respectively.  Of the helmets tested, 
four modern helmets resulted in a significant reduction (10 to 20%) in head response when 
compared to a baseline 1990s helmet.  Viano et al. [16] further reported helmet increases in 
length of 4.3 cm, in height of 7.6 cm, in width of 4.9 cm, and in mass of 1.18 kg (from 0.73 to 
1.91 kg), on average, from the 1970s to 2010 (Figure 4.1).   
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The current study hypothesizes that the addition of the mass of a helmet on a headform will 
result in an increase in upper neck loads due to the helmet’s mass and inertia.  The aims of this 
study are to conduct impact testing, to assess the response of the head and upper neck, and to 
investigate the effects of adding the mass of a helmet to an un-helmeted Hybrid III headform and 
Hybrid III neck.   
MATERIALS AND METHODS 
The impact locations in this study were developed based upon the analysis of game films.  
Pellman et al. [60] studied 182 game films of concussion and severe helmet impacts in the NFL.  
They found that 29.3% of severe helmet impacts occurred to the facemask represented by impact 
locations A, A’, and A” (Figure 4.2).  Viano et al. [61] found that 30.5% of these severe impacts 
occurred to areas connecting the facemask to the shell (locations F, B, and UT), and 40.2% 
occurred to the shell (locations C, D, and R).  Most of these impact locations are representative 
of the struck/injured player.    
  
Figure 4.1:  Changes in helmet mass from early 1970s until 2010 
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Two independent test series were performed.  The first test series was performed at 
McCarthy Engineering Inc. (McCarthy) (Windsor, Ontario, Canada).  This test series was 
conducted using the same helmet, and the mass of the helmet was varied (1.3 to 2.3 kg) to cover 
the range of masses found in modern football helmets (Figure 4.1) (1.5 kg to 2.3 kg).  The same 
helmet was used to keep the helmet-to-head boundary conditions constant.  The second test 
series was conducted at Biokinetics (Ottawa, Ontario, Canada).  This test series evaluated the 
performance of seventeen different makes and models of football helmets.  The headform 
response data was presented previously by Viano et al. [17].  Upper neck forces were measured 
in some of these tests, and the un-helmeted Hybrid III headform was impacted at some of the 
impact speeds and locations.  These results were not previously published. 
In the first test series (McCarthy), all tests were conducted using the same Riddell Revolution 
(size large) helmet with a standard face mask.  The helmet, which had been previously used, had 
no damage other than superficial markings to the shell at the commencement of this test series.  
Figure 4.2:  Locations for linear impact to shell and facemask 
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A large-sized helmet was used in accordance with the manufacturer’s fitting instructions which 
indicated that this size is recommended for the circumference of the Hybrid III head and based 
on the findings of Jadischke et al. [62] which indicated that the large-sized helmet on the 50th 
percentile Hybrid III head is similar to the average volunteer fit.  The bladders in the jaw pads 
were inflated to just contact the jaw of the headform.  It was difficult to install the football 
helmet on the Hybrid III headform due to the high friction between the padding and the surface 
of the headform.  A nylon stocking was placed over the Hybrid III headform to reduce the 
friction at this interface and to provide a more realistic response of the helmet on the headform.  
This is consistent with NFL helmet testing [17, 43].   
Four mass conditions were studied: 1) The un-helmeted Hybrid III headform (4.54 kg), 2) 
The helmet shell and padding with no facemask on the Hybrid III headform (5.80 kg), 3) The 
helmet shell, padding, and facemask on the Hybrid III headform (6.46 kg), and 4) The helmet 
shell, padding, facemask, with 350 grams of lead tape added to the inside surface of the shell on 
the Hybrid III headform (6.81 kg).  For the last case, the helmet padding was removed, and 350 g 
of 1.0 mm thick lead tape was distributed evenly within the gap between the padding and the 
helmet shell.  The lead tape was fixed to the helmet shell and the padding was replaced over top 
of the lead tape.   
The struck Hybrid III headform and Hybrid III neck were mounted to a linear slide table that 
was free to move upon impact with only bearing-slide friction, similar to that described by 
Pellman et al. [60].  The mass of the slide table and bearings was 20.5 kg without the Hybrid III 
head, neck, and instrumentation.  The helmet, when used, was fitted onto the Hybrid III 
headform with the brow pad positioned 2.54 cm (1 inch) above the top of the nose.  This location 
was marked at the beginning of the testing and used as a reference for all tests.  The chin strap 
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was attached so that it fit snugly over the Hybrid III chin.  This chin strap tightness was set at the 
beginning of testing, and the straps were marked.  After each test, the chin straps were inspected 
for any evidence of their becoming unbuckled or loose.  The chin strap was subsequently 
unbuckled and the helmet repositioned in preparation for the next test.  There were no provisions 
for the replacement of the facemask in this testing.  In the higher energy facemask impacts (A 
and B), slight facemask deformation was noted.  The helmet itself was inspected after individual 
tests, and no damage occurred.  
These tests were conducted using a pendulum impactor with an arm radius of 1.58 m and 
ballasted to 31 kg (Figure 4.3).  The impactor mass was similar to the pendulum discussed by 
Pellman et al. [64].  The target impact speeds were 4.1 m/s and 5.2 m/s.  These impact speeds 
result in headform delta-Vs that are representative of typical NFL game impacts [60].  A Hybrid 
III headform was mounted on the pendulum arm via a rigid neck and fitted with a Riddell VSR-4 
helmet (size large) to simulate a helmet-to-helmet impact.  Each of the described impact 
configurations was repeated three times (n=90).  The test matrix for this test series is illustrated 
in Table 4.1.  The testing was conducted using a blocked approach.  At a given helmet condition 
and impact location, the impacts were first conducted at 4.1 m/s then at 5.2 m/s.  The impact 
location was then changed.  After each impact location and speed was tested, the helmet 
condition was then changed, and this was repeated until the test matrix was complete. 
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The struck Hybrid III headform was instrumented with a DTS 6DX-PRO 2000-18K system 
(www.dtsweb.com) mounted to a machined mounting block to measure linear acceleration at the 
center of gravity of the headform.  The system was capable of measuring rotational velocity; 
however, the data acquisition system inadvertently clipped the rotational velocity data and it 
could not be used.  A six-axis upper neck load cell (www.mg-sensor.de) for a 50th percentile 
male Hybrid III dummy was also used.  The data were acquired at 10 kHz using a National 
Figure 4.3:  Computer model of pendulum test setup 
Condition
Helmet and Headform mass (kg)
Velocity (m/s) 4.1 5.2 4.1 5.2 4.1 5.2 4.1 5.2
A 3 3 - - 3 3 3 3
B 3 3 3 3 3 3 3 3
C 3 3 3 3 3 3 3 3
D 3 3 3 3 3 3 3 3
Un-helmeted No facemask Helmet Helmet + 350 g
4.54 5.8 6.46 6.81
Table 4.1:  Pendulum Impact Test Matrix 
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Instruments cDAQ-9178 data acquisition system and were filtered using an antialiasing hardware 
filter.  Head accelerations were digitally filtered at CFC 180, upper neck forces were filtered at 
CFC 1000, and upper neck moments were filtered at CFC 600 using the algorithm defined in 
SAE J211.  An optical encoder (Celesco Model CH25-2048) mounted on the pendulum arm was 
used to trigger the data acquisition system and to calculate the linear impact velocity of the 
headform.  High speed video was recorded at 1000 frames per second for, at minimum, two tests 
per impact location and condition.  
The methods of the second test series are described in detail by Viano et al. [17].  In short, 
this test series was conducted using the Biokinetics linear impactor impacting a Hybrid III 
headform and neck that was mounted to a linear slide table.  The Hybrid III headform was 
equipped with nine single axis accelerometers in a 3-2-2-2 configuration and a six-axis upper 
neck load cell.  The data were collected at a 10 kHz sampling rate and filtered with an anti-
aliasing hardware filter.  The head linear acceleration data were then digitally filtered with CFC 
180 filtering and the rotational accelerations and velocities were calculated [65].  The entire test 
matrix included seventeen football helmet make and models, impacted at eight locations (F, A, 
A’, B, UT, C, D and R) and speeds of 5.5, 7.4, 9.3, and 11.2 m/s.  In fourteen of these helmets 
the upper neck loads were measured.  The un-helmeted Hybrid III headform was tested at 
impacts speeds of 7.4 and 9.3 m/s for impact location C and D.  The subset of data, including the 
fourteen helmets wherein upper neck forces and moments were measured and the un-helmeted 
Hybrid III headform was tested, is presented in this paper.  In this test series, each of the fourteen 
helmets was impacted two times at impact location D at 7.4 m/s (n=28) and 9.3 m/s (n=28).  At 
impact location C the helmets were impacted two times at a speed of 5.5 m/s (n=28) and 7.4 m/s 
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(n=28) and four times at a speed of 9.3 m/s (n=56).  The un-helmeted headform was impacted 
two times at each impact location and speed (n = 10).  A total of 178 tests were conducted.    
The average and standard deviation of the peak headform linear acceleration, peak headform 
delta-V, peak headform rotational velocity (for Biokinetics test series only), and peak upper neck 
forces and moments, as well as headform linear momentum, were calculated across each impact 
location, condition, and speed.  The mean difference and the 95th percentile confidence intervals 
of the difference for each of the helmeted conditions when compared to the un-helmeted 
headform were computed across all impact locations.  In the first test series, the differences 
between the un-helmeted Hybrid III headform and each of the helmeted headform conditions 
were assessed using a paired sample, two-tailed, student-t test, assuming no variance of the mean 
values.  A p< 0.05 was considered significant. 
RESULTS 
Table 4.2 summarizes the test data from the first test series.  Appendix B.1 includes the data 
from each individual test.  Across all impact locations and speeds, the resultant head acceleration 
for helmets with no facemask, with facemask, and with 350 grams added mass was reduced by 
an average of 26.2 g (36%), 32.3 g (43%), and 33.0 g (44%), respectively, when compared to the 
un-helmeted headform (p<0.001).  The resultant headform delta-V was reduced by 0.06 m/s (p = 
0.704), 0.23 m/s (p=0.017), and 0.23 m/s (p = 0.034), respectively, which equates to an average 
reduction of headform delta-V of 1.5%, 4.6%, and 4.5%.   
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Conversely, the helmeted headform conditions sustained higher resultant upper neck forces 
and moments in all impact conditions.  Across all impact locations and speeds, the addition of 
the helmet resulted in an increase of resultant upper neck forces of 26%, 41%, and 49%, 
respectively (p < 0.001).  Neck tension (Fz) increased significantly (p<0.001) as mass was added 
to the headform.  The resultant upper neck moment also increased with helmet mass by 12%, 
20% and 32%, respectively (p < 0.02).  The difference in shear neck loading (Fx and Fy) in the 
un-helmeted headform compared to the helmeted conditions was not as great; however, it was 
significant in most conditions.     
Table 4.3 summarizes the results from the second test series and illustrates the averaged 
results across all impact speeds.  Appendix B.2 is a supplementary file for the individual impact 
speeds.  The fourteen helmets tested resulted in differences for the un-helmeted condition when 
compared to the various helmet makes and models.  These helmets followed the same trend as 
seen in the first test series.  The mass of the helmets resulted in an average increase in head mass 
of 42% (±4 %).  The head acceleration was reduced by 30.5 g (±14.6 g) which equates to a 
reduction of 23% (±6 %).  Delta-V was reduced by 0.9 m/s (±0.6 m/s) and rotational velocity 
was reduced by 3.8 rad/s (±3.8 rad/s).  This equates to a 13% (±6 %) and 7% (±7 %) reduction in 
delta-V and rotational velocity, respectively.  This resulted in an increase of linear momentum of 
the headform of 24% (±8 %) and increases in the resultant upper neck forces (32% (±13 %)), 
upper neck tension (44% (±20 %)), and resultant upper neck moment (29% (±18 %)). 
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DISCUSSION 
Figure 4.4 illustrates an example un-helmeted and helmeted impact for location C.  During an 
impact to the un-helmeted headform, the peak resultant accelerations occur in the initial 10 
milliseconds of the collision.  In the example case shown, these accelerations are primarily acting 
laterally (y-axis) on the headform.  The bimodal lateral acceleration is due to the striking helmet 
padding compression and the helmet moving on the headform.  The accelerations result in the 
un-helmeted headform reaching a peak delta-V, in this case, approximately 12 to 13 milliseconds 
after the impact occurred.  As the headform begins to rotate, the resultant acceleration reduces 
and the upward (z-axis) acceleration of the headform dominates the acceleration pulse during the 
time 10 to 20 milliseconds after impact, with its peak occurring at 13 milliseconds.  The upward 
acceleration of the headform, relative to the neck, and its subsequent motion results in the upper 
neck forces increasing and the headform pulling the neck and sled (or torso in the case of a 
player) along with it.  Due to the rotation of the headform, the peak neck forces are primarily due 
to neck tension and occur at approximately 13 milliseconds.  
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The helmeted impact results in lower resultant head accelerations, with the resultant un-
helmeted head accelerations in this case being 88 g versus the helmeted impact reaching a peak 
of 56 g.  This occurs due to compression of the helmet padding and the headform accelerations 
occurring over a longer period of time.  The longer acceleration pulse results in the peak upward 
accelerations of the head occurring later (17 milliseconds versus 13 milliseconds) and the peak 
headform delta-V also occurring later (28 milliseconds versus 13 milliseconds).  The peak 
headform delta-V was only reduced by 0.07 m/s (5.85 m/s, un-helmeted versus 5.78 m/s, 
helmeted).  In the helmeted case, the neck forces increased when compared to the un-helmeted 
case and occurred at approximately 24 milliseconds.   
The three helmet conditions resulted in an increase of head mass of 28% (5.80 kg), 42% 
(6.46 kg), and 50% (6.81 kg) when compared to the un-helmeted headform (4.54 kg).  The 
headform delta-V was only reduced by 1.5%, 4.6%, and 4.5% across all impact locations and 
speeds.  This resulted in an increase in the headform momentum.  The increased headform 
momentum caused higher resultant upper neck forces, which increased by 26%, 41%, and 49% 
across all impact locations and speeds.  The increase in upper neck forces corresponded to the 
increase in mass of the headform due to the helmet (Figure 4.5) and was primarily the result of 
an increase in neck tension.   
Figure 4.5:  The percent increase in upper neck force versus the percent increase 
in head mass in all impact locations.  The un-helmeted head mass = 4.54 kg. 
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In location D, an impact to the rear of the helmet, the resultant upper neck forces did not 
increase as substantially as at other locations.  In this location, helmet rotation relative to the 
headform was noted, and since the chin strap is located on the front of the helmet, it would 
experience a reduction in loading relative to side and oblique impacts.  Since the helmet becomes 
decoupled from the head to a greater degree in this impact orientation, this results in a lower 
delta-V and momentum of the headform and a smaller increase in upper neck forces.  Locations 
A, B, and C result not only in the helmet remaining more tightly coupled to the headform but 
also in higher delta-Vs than at impact location D. 
Figure 4.6 illustrates the acceleration and delta-V from the un-helmeted headform compared 
to the helmet and facemask condition in the 5.2 m/s impacts.  These data illustrate that the 
helmeted conditions reduce peak head accelerations by increasing the duration of the 
acceleration pulse.  Due to the increase in duration of the acceleration pulse, a corresponding 
increase in time occurred until the maximum delta-V was achieved in all impact conditions.   
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Figure 4.6:  Headform resultant acceleration and headform delta-V in the un-helmeted and helmeted 
impacts 
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An increase in the upper neck forces and moments occurred with the addition of the helmet 
onto the headform.  The increase in mass of the headform exceeded the reduction in delta-V of 
the headform.  This resulted in an overall increase in the momentum of the headform.  As the 
momentum of the headform increased, the upper neck forces also increased to restrain the head 
and helmet onto the neck.  The maximum upper neck forces occurred after the peak acceleration 
of the headform and corresponded more closely to the time at which delta-V and headform 
momentum reached their maximum (Figure 4.7).   
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Figure 4.7:  Headform linear momentum and resultant upper neck forces in the un-helmeted and 
helmeted impacts 
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For test series two, the data for the fourteen helmets in which upper neck loads were 
measured indicates the helmet increased the overall head mass by 42% (±4%) (Figure 4.8).  In 
impact location C, this resulted in an average reduction in head linear acceleration of 23% (±6%) 
and an average increase in resultant upper neck force of 37% (±15%).  The greatest increase in 
neck forces was observed in neck tension (Fz) which resulted in an average increase of 56% 
(±23%).  The lower speed impact (5.5 m/s) increased the upper neck tension by a greater 
magnitude (198% ± 68%) than the higher speed impacts (9.3 m/s) which resulted in an increase 
of neck tension of 30%±12%.  This suggests the increase may be due to the helmet remaining 
more tightly coupled to the head in the lower speed impacts; however, this effect was not fully 
investigated in this study.  Since the higher impact speeds are representative of professional 
football impacts resulting in concussion in open field helmet-to-helmet collisions, this indicates 
that during more frequent, sub-concussive impacts in professional football, the percentage 
increase in tensile neck loads is substantial.   
Figure 4.8:  Summary of increase in headform effective mass and percentage change in 
headform acceleration, delta-V, momentum, resultant upper neck forces, and neck tension for the 
fourteen helmets (average ± std dev) at impact speeds of 5.5 m/s, 7.4 m/s, and 9.3 m/s.  The 
data is summarized from Viano [2, 3] for impact location C. 
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High school and youth football helmets also have a similar mass to the helmets presented 
herein.  However, in comparison to collegiate or professional football players, youth-aged 
players have, on average, less head mass and weaker necks, based on anthropometric and 
tolerance data [66].  Collins et al. [45] found that neck strength was a significant predictor of 
concussion in high school athletes.  The findings of the current study suggest that, for a given 
impact speed, if upper neck loading contributes to concussion, youth football players, who are 
less conditioned than professionals, would have a higher potential for concussion while wearing 
professional level helmets due to their reduced neck strength.  The weaker neck strength of 
younger athletes would provide less restraint of the head on the neck.  As a result, for a given 
upper neck force an athlete with a weaker neck would have greater movement of the head 
relative to the body.  As Breig [28] has indicated, this has the potential of generating tension in 
the brain stem, cerebellum, and cranial nerves.  Cranial nerve symptoms are some of the most 
common symptoms in concussion as reported in NFL studies [3].  Therefore, this could increase 
the potential for concussion symptoms in young athletes.  
The improvements to helmets to reduce head accelerations have resulted in increases in 
helmet mass, size, and, therefore, inertia from the 1970s to the present.  These helmets would be 
expected to increase the loading on the upper neck, as was observed in this study.  Hardy et al. 
[67, 68] reported that a Riddell VSR4 helmet on a cadaver reduced head accelerations, did not 
affect head angular speed but increased brain strain in the cerebrum.  The present study has 
confirmed that using a helmet reduces head accelerations and the second test series illustrated 
there is only a small reduction in rotational velocity (7% ±7%); however, adding the mass of the 
helmet to the head results in an increase in resultant upper neck forces and, specifically, neck 
tension.  Increases in neck tension could result in an increase in brain strain by exerting forces on 
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the brain stem.  Hodgson et al. [21] also deduced that shear strain in the brain stem was due to 
stretching of the spinal cord.  Various other studies have reported strain in the brain stem [24, 25, 
26] as well as downward movement of the brain stem through the foramen magnum [21, 27].  It 
has also been shown that neck tensile forces result in the highest spinal cord strains in the upper 
cervical spinal cord [41] that is continuous with the brain stem.  Therefore, it is expected that, as 
upper neck forces (and cervical spinal cord strains) increase, a corresponding increase in brain 
stem strain would also occur [28]. 
Since improvements in helmet design to reduce head acceleration have not resulted in a 
corresponding decrease in the reported incidence of concussion, a possible explanation is that the 
incidence of concussion may not entirely relate to the magnitude of head acceleration.  Forces in 
the upper neck may be a factor.  There may be other factors related to concussion, such as 
angular velocity of the head [67]; however, angular velocity of the head can also result in forces 
and moments in the upper neck.  This study postulated that upper neck forces may be related to 
concussion.  If that proves to be true through further research, then upper neck loads should be 
considered in the evaluation of concussion risks and in the development of protective equipment. 
The limitations of this study must be recognized.  This study was performed using the Hybrid 
III headform and Hybrid III neck.  The Hybrid III headform provides a biofidelic response; 
however, it is not human so, tissue level strains cannot be assessed.  Additionally, the Hybrid III 
has a neck simulating some muscle tensing but there is no active musculature in any of the 
current test dummies.  The effects of active and passive neck musculature were not investigated 
in this study since this would require a comprehensive and biofidelic finite element model of the 
human, which was beyond the scope of this parametric study.  As such, this study was conducted 
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to alert the biomechanics community of the potential relationship of helmet and head mass and 
concussion, and it is not meant to imply that helmet and head mass is responsible for concussion.   
The Hybrid III dummy was designed for frontal impact testing; however, the Hybrid III head 
and neck are regulated for frontal (FMVSS 208) and rear (FMVSS 202) impact testing where 
head and neck criteria are specified for comparison to tolerance levels.  In addition, the Hybrid 
III head and neck are used on various dummies for side impact testing; and, Piziali et al. [69] 
found the head and neck were reasonable for rollover testing where a range of oblique head 
impacts and neck responses can occur.  NOCSAE helmet certification standards do not currently 
specify a neck to be used.  For research purposes, the current standard for head impact testing 
related to helmet performance appears to be the Hybrid III head and neck and it has been used 
extensively in impact testing related to helmet performance and boxing punches [16, 17, 61, 62, 
70, 71, and others].  The Hybrid III head and neck is a reasonable tool for the type of parametric 
testing done in this study.    
For the first test series, we chose a single helmet with added mass to limit the amount of 
variables, such as helmet inertia, fit, chin strap design, and padding style.  In test series two, an 
increase in forces at the upper neck was also found across the fourteen different makes and 
models of helmets when compared to the un-helmeted headform.  The effects of other helmet 
boundary conditions, such as, padding to headform friction, helmet fit, and chin strap effects, 
were not investigated in this study; however, the test data from the fourteen different makes and 
models of helmets suggests these may play a role.  In addition, the base of the neck was fixed to 
the linear slide; in a human, the torso is free to rotate.  The effects of this boundary condition 
were not investigated in this study.    
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A motivation for this study was to understand whether the forces and moments at the atlanto-
occipital joint could be contributing to concussion in football since a reduction in concussions in 
the NFL has not been observed from 1996 until the present.  The definition of a concussion is 
evolving, as are the means to diagnose the various signs and symptoms.  There is also an 
increased emphasis on concussion education and awareness leading to increased identification 
and reporting.  In addition, players may be getting bigger and faster at a pace that is masking the 
benefits of improved helmets.  At the same time, rule changes and the reduction of direct hits to 
the head may be responsible for a reduced number of injuries.  All of these factors, and others, 
confound the trends in concussion rates in professional, collegiate, and high school data. 
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CHAPTER 5 – A NEW LABORATORY METHOD TO SIMULATE PLAYER-TO-
PLAYER COLLISIONS IN CONTACT SPORTS 
INTRODUCTION 
In the laboratory reconstruction of concussive 
impacts in the NFL [43, 44, 72], the struck player (in the 
actual game) was dropped from a height to achieve the 
proper closing speed at impact.  The struck player was 
represented by a helmeted 50th percentile male Hybrid III 
ATD headform and neck, with the base of the neck 
attached to a 7.1 kg carriage system [44].  The carriage 
was equipped with rollers that allowed for primarily 
vertical motion on its track (Figure 5.1).  The striking 
player was represented by a stationary, helmeted Hybrid 
III head, neck, and upper and lower torso that was 
supported by cables.   
There were some limitations to the drop tower method used by Pellman et al. [43, 64]. The 
drop tower could achieve a similar closing speed at impact; however, there was only one 
headform and neck moving on a carriage rather than two bodies at higher masses moving at each 
other. Additionally, the effect of the carriage restraint on head kinematics and neck kinetics is 
also unknown.  Lastly, the NFL videos were taken from network video and were post-processed 
to extract the video at sixty frames per second.  In one to two frames (0.033 seconds) much of 
the impact is already over.  The stop at the end of the carriage limits the duration of data that can 
be used. 
Figure 5.1:  Sample reconstruction 
setup used by Pellman et al. [3] 
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Pellman et al. [64] reported on the development of a helmet test method involving a 14.2 kg 
pneumatically driven impactor striking a stationary Hybrid III 50th percentile male 
anthropomorphic test device (ATD) head and neck that is attached to a base, constrained to 
motion along linear rails.  The linear impactor tests correlated to the data based upon 
reconstruction of game impacts [64] that were conducted with the injured player being 
represented by the Hybrid III 50th head and neck in a drop tower-style impact [44].  The 
pneumatic linear impactor method is currently in use by some laboratories to assess helmet 
performance, providing a method to assess helmet performance in hits producing both linear and 
angular headform response.  This test method is proposed for helmet testing but has not been 
accepted by the National Operating Committee on Standards for Athletic Equipment (NOCSAE). 
The NOCSAE football and ice hockey helmet standards for newly-manufactured helmets 
require the NOCSAE headform to experience a Gadd Severity Index (GSI) of less than 1200 in 
drop tests to various locations on the helmet [59, 73].  These drop velocities range from 3.46 to 
5.46 m/s.  This test only assesses the performance of helmets to attenuate impacts by reducing 
linear acceleration.  
The aims of this study were to (1) develop a new laboratory impactor to simulate player-to-
player collisions in high speed contact sports, (2) develop an alternative helmet test method to 
the pneumatic linear impactor, and (3) assess the repeatability of the system. 
MATERIALS AND METHODS 
Test Apparatus  
The NFL combine data [74] was analyzed to assess the speeds and masses of NFL prospects.  
The fastest players in these tests were defensive backs (DB) and wide receivers (WR) at speeds 
of 8.09 ± 0.11 m/s and 8.07 ± 0.16 m/s, respectively.  These players also had the lowest average 
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weights at 86.6 ± 3.8 kg and 91.7 ± 7.1 kg.  The slowest players were the offensive linemen (OL) 
at a speed of 6.89 ± 0.20 m/s and weighing 141.9 ± 6.7 kg.  The average height of these players 
was 1.87 m ± 0.07 m with tight ends (TE) being the tallest (1.94 ± 0.03 m) and running backs 
(RB) being the shortest (1.80 ± 0.06 m).  The speed and mass data indicate, with exception of 
quarterbacks (QB), as the mass of a player increases his speed decreases.   
Mertz et al. [75, 76] have summarized the size and weight of the Hybrid III ATDs.  The 
average player in the NFL combine data is similar to the Hybrid III 95th percentile adult male 
ATD and the lightest player was the Hybrid III 50th percentile adult male.  In designing a new 
method to simulate player-to-player collisions, it was thought that, at minimum it should be 
capable of accelerating a mass equivalent to the upper body of NFL players.  The Hybrid III 
ATD data was used to scale the player masses.  This data indicate that the upper body (head, 
neck, arms, upper and lower torso) is approximately 70% of the total ATD mass [75, 76, 77].  
The NFL combine data, scaled to account for upper body mass only, indicate that the system 
should be capable of propelling a mass of approximately 75 kg to a speed of 7.7 m/s, resulting in 
a total momentum of 572 ± 67 kgm/s and/or kinetic energy of 2185 ± 161 J (Table 5.1).  The 
impactor developed for these player-to-player impacts has the capacity to accelerate a mass of 
100 kg to a speed of 9 m/s.  This mass is inclusive of hardware not associated with the ATD. 
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Position Speed  Mass Upper body 
mass 
KE Momentum 
  [m/s] [kg] [kg] [J] [kgm/s] 
DB 8.09 86.6 60.6 1982 490 
WR 8.07 91.7 64.2 2091 518 
S 7.97 92.7 64.9 2061 517 
RB 7.93 99.0 69.3 2177 549 
LB 7.72 108.6 76.0 2262 586 
TE 7.63 114.5 80.2 2336 612 
QB 7.54 98.6 69.0 1964 521 
DL 7.21 133.6 93.5 2431 674 
OL 6.89 141.9 99.3 2357 684 
Average 7.67 107.5 75.2 2185 572 
Stdev 0.38 18 13 161 67 
Impactor Capability 9 100   4050 900 
 
 
Figure 5.2 illustrates the impactor test system.  The test system was designed to be used to 
carry and propel the upper body of a Hybrid III 50th percentile male ATD to simulate on field 
collisions but could also be used as an impactor ram for helmet and/or other biomechanical 
impact testing.  The impactor system could be duplicated and the two impactors could be 
synchronized to simulate on-field collisions in contact sports to achieve closing velocities up to 
18 m/s with a total pre-impact momentum and energy exceeding 1800 kgm/s and 8100 J, 
respectively.  In this configuration, the ATDs could collide while in free flight with no other 
constraints acting on the ATDs.  The system was designed to be portable so that it could be 
moved to different testing locations and also so that the individual player heading angles could 
be varied.  If the system is used as an impactor ram, higher impactor speeds could be achieved 
when accelerating a mass lower than 100 kg.   
Table 5.1:  Summary of player masses and speeds and impactor capability 
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The test system used a servo motor which powered a linear drive module with a carriage 
mounted to it.  The motor drives the carriage, accelerating a sled which was mounted on high 
speed bearings along a set of parallel linear rails.  At a prescribed location the carriage decoupled 
from the sled allowing it to move freely for a short distance just prior to impact.  The sled was 
then decelerated using a passive braking system.  A shock absorber was located at the end to 
provide a positive stop for the sled in the event it travels through the braking section.  The 
braking phase also acts to decouple the ATD from its mount allowing it to move forward relative 
to the sled and become air borne.  
Impactor Repeatability Study  
Test Series 1 – Impactor Repeatability 
A series of tests was conducted to assess the system repeatability.  These tests were designed 
not only to assess the repeatability of the speed of the individual impactors, but also to assess the 
synchronization between the motion profiles of the two impactors.  Each impactor was 
accelerated to a speed of 2 m/s to 8 m/s in 1 m/s increments and each test was repeated five times 
for a total of 35 tests per impactor.  The carriage propelled a sled weighing 14 kg.  An ATD was 
not used in this series of tests.  The speed and position of the carriage on each impactor and the 
Figure 5.2:  Schematic of the impactor layout 
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synchronization of the carriages between impactors was monitored using a rotary encoder 
mounted on the linear drive module.  The synchronization was calculated by calculating the 
absolute difference between the time of impactor 1 and impactor 2 when the carriage started to 
decelerate.  The impactor position and speed data were acquired through the impactor control 
panel at 1000 Hz.  One of the impactors had a triaxial accelerometer (+/- 100g) 
(www.dtsweb.com) mounted to the sled.  The sled acceleration was acquired using a Diversified 
Technical Systems (DTS) slice micro (www.dtsweb.com) at 1000 Hz and filtered using a 
CFC60 filter [82]. 
A coefficient of variation (CV) and root mean square error (RMSE) were calculated to assess 
the repeatability of the impactors’ speed relative to its target speed and the synchronization 
between the two impactors.  A correlation analysis was conducted on the sled acceleration 
profile by comparing each individual test acceleration curve to the average curve for a given 
impact speed.  CV was calculated for the peak deceleration of the sled. 
Test Series 2 – Repeatability of ATD kinematic response 
A second series of tests was conducted to assess the repeatability of the ATD measurements.   
These tests do not necessarily reflect the repeatability of the impactor itself but are a measure of 
the repeatability of the initial positioning of the ATD and the repeatability of the ATD 
instrumentation.  There were four different configurations tested; (Configuration A) An 
impactor ram with a 38 mm thick vinyl nitrile endcap covered by a hard plastic impactor striking 
a stationary un-helmeted ATD (Figure 5.3), (Configuration B) An impactor ram with endcap 
striking a stationary helmeted ATD, (Configuration C) The impactor carrying the helmeted 
head, neck, upper torso, lower torso and arms of the Hybrid III ATD and propelling it to strike a 
stationary, helmeted head, neck, upper torso and lower torso Hybrid III ATD and 
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(Configuration D) two moving ATDs striking one another in a helmet-to-helmet impact at a 90 
degree impact orientation.   
The tests involving a single, stationary ATD (A and B) were all conducted with an impactor 
ram speed of 5 m/s and the total mass of the sled and ram was 45 kg.  In these tests the impactor 
was used as a ram and the ATD was positioned independent of the impactor on a height 
adjustable table.  In the case of one moving ATD striking a stationary ATD (C), the stationary 
ATD was positioned on a height adjustable table and the moving ATD was initially positioned 
on the impactor sled.  The sled was accelerated to speed and decelerated which resulted in the 
ATD becoming decoupled from the sled and the collision occurred with the moving ATD in 
flight.  In the case of two moving players (D) at a 90 degree impact orientation, the ATDs were 
each traveling at a target speed of 6 m/s resulting in a closing velocity of 8.48 m/s.  The 
impactors were arranged in a 90 degree impact orientation to provide a worst case scenario and 
Figure 5.3 – Sample test setup to assess the repeatability 
of the impactor system when used in a ram configuration 
striking a stationary helmeted ATD. 
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to maximize the potential variability in the test data.  The ATD on impactor 1 was aligned such 
that the crown of the helmet was to strike the left side of the ATD’s helmet on impactor 2.  The 
ATDs were angled such that the pelvis angle on the ATD on impactor 1 was 30 degrees above 
horizontal and the pelvis angle on impactor 2 was 60 degrees above horizontal.  This angle was 
measured on the pelvis insert.  Lasers were utilized to document the position of each ATD at the 
start of each test and these lasers remained in the same position for each set of tests to confirm 
that the ATDs were setup consistently.  This was necessary due to the compliance in the lumbar 
spine and neck of the ATDs.  The ATDs were simultaneously accelerated up to speed and 
subsequently decelerated.  The impact occurred with both ATDs in free flight and they were free 
to move post-impact with no boundary conditions. 
The stationary ATD was instrumented with a DTS 6DX-PRO 2000-8K (www.dtsweb.com) 
to measure linear acceleration and rotational velocity of the head and a six-axis upper neck load 
cell (www.mg-sensor.de) for a 50th percentile male Hybrid III ATD to measure the forces at the 
upper neck.  The data was acquired using a SLICE Micro (www.dtsweb.com) mounted inside 
the ATD at a rate of 10,000 Hz.  Head accelerations and angular rates were filtered at CFC 180, 
upper neck forces at CFC 1000, and upper neck moments at CFC 600 using the algorithm 
defined in Society of Automotive Engineers (SAE) J211.  High speed video was recorded at 
1000 frames per second.  In the case with two ATDs striking one another while moving, the 
instrumentation was duplicated on the second ATD. 
A CV and curve correlation analysis were completed on the resultant head translational 
acceleration, resultant head rotational velocity, resultant upper neck force and resultant upper 
neck moment.   
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RESULTS 
Test Series 1  
Carriage speed and synchronization 
Table 5.2 is a summary of the data for test series 1.  The carriage speed on impactor 1 and 
impactor 2 had an RMSE of 0.07% and 0.05%, and CVs of 0.02% and 0.03%, respectively.  The 
average standard deviation for a given target speed was 0.001 m/s.  The actual speed achieved by 
the carriage matched the target test speed to two decimal accuracy at each target speed.  The time 
that the carriage began to decelerate was also repeatable on each impactor with CVs of 0.02% 
and 0.05%, respectively.  The synchronization between impactor 1 and impactor 2 was within 
0.77 ± 0.41 milliseconds (ms).   
  Impactor 1 Impactor 2 
  
Synchronization  
Target Average Std. Dev. RMSE CV Average Std. Dev. RMSE CV Avg. Diff. Std. Dev. 
Speed  Speed Speed Speed Speed Speed Speed Speed Speed Time Time 
[m/s] [m/s] [m/s] [%] [%] [m/s] [m/s] [%] [%] [ms] [ms] 
2 2.00 0.001 0.05% 0.05% 2.00 0.001 0.09% 0.07% 0.00 0.00 
3 3.00 0.001 0.15% 0.02% 3.00 0.001 0.03% 0.02% 1.00 0.00 
4 4.00 0.001 0.04% 0.02% 4.00 0.000 0.03% 0.01% 0.00 0.00 
5 5.00 0.001 0.07% 0.02% 5.00 0.001 0.03% 0.02% 1.40 0.89 
6 6.00 0.001 0.07% 0.01% 6.00 0.001 0.08% 0.02% 1.00 0.71 
7 7.00 0.000 0.07% 0.01% 7.00 0.001 0.01% 0.01% 1.80 0.84 
8 8.00 0.003 0.04% 0.04% 8.00 0.004 0.07% 0.05% 0.20 0.45 
Average   0.001 0.07% 0.02%   0.001 0.05% 0.03% 0.77 0.41 
 
 
Sled acceleration profile 
The sled is decoupled from the carriage prior to the free motion phase.  The acceleration 
profiles were compared using a correlation analysis.  The average curve correlation coefficient 
Table 5.2 – Test Series 1 - Repeatability of impactor speeds and impactor synchronization.  Five tests 
were conducted on each impactor for each test speed (n = 70), sled mass = 14 kg. 
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was 0.9992 (std. dev ± 7.76 e-05).  The curves were essentially the same.  The lowest correlation 
coefficient occurred at the 2 m/s target speed (0.9975) and at each of the other target speeds the 
correlation coefficient exceeded 0.9990.  The correlation was high at all target speeds; however, 
there was a trend of better correlation as the speed increased.  The CV of peak deceleration of the 
sled was 0.5%.  The CV followed the same trend as the correlation coefficient indicating that 
with higher speeds the CV decreased.  This CV value is a measurement of the braking system 
repeatability in this test setup and would not affect the impactor speed repeatability since the 
impact had already occurred prior to braking.  Figure 5.4 illustrates the sled acceleration and 
deceleration profile at a target speed of 8 m/s. 
Test Series 2 
Impactor ram striking a stationary un-helmeted and helmeted ATD 
The carriage speed maintained its level of repeatability as in test series 1.  The CV of carriage 
speed was 0.02 % for this test series which is equivalent to an average standard deviation of 
Figure 5.4 – Sled acceleration and deceleration profile from five tests overlaid on 
one another at a target speed of 8 m/s (n = 5). 
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speed of 0.001 m/s.  In the case of the ram striking the un-helmeted ATD (n=10) the average CV 
for the upper neck forces (CV=3.4%), upper neck moments (CV=2.5%), head acceleration 
(CV=1.5%) and head angular speed (CV=0.6%) was 2.0%.  The average correlation coefficient 
for these curves was 0.9991.  The helmeted impacts (n=10) resulted in an average CV of the 
ATD responses of 2.7% with a correlation coefficient of 0.9964 (Table 5.3). 
 
Moving ATD striking a stationary ATD 
In these tests (n=5) the impactor was used to accelerate a helmeted ATD and propel it to 
strike a stationary ATD.  The stationary ATD had an average CV of 5.2% for the upper neck 
forces, 1.8% for the upper neck moments, 5.1% head translational acceleration and 5.0% for 
head angular velocity.  The average CV was 4.3% with a correlation coefficient of 0.9953.  
These tests were much more complex than the previous tests since they included the positioning 
of two ATDs, fitting a helmet to each ATD, and releasing the moving ATD from the impactor.   
Two moving ATDs striking in a 90 degree helmet-to-helmet impact 
In these tests (n=5) the two impactors were used to accelerate two helmeted ATDs and propel 
each of them to strike one another in free flight.  The average CV of the kinematic responses on 
the striking ATD (impactor 1) was 6.5% with a correlation coefficient of 0.975.  The average CV 
Table 5.3 – Test Series 2 - Repeatability of impactor speed and ATD responses when using the 
impactors in three different configurations (n = 30). 
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on the struck ATD (impactor 2) was 8.1% with a correlation coefficient of 0.986.  The ATD head 
responses had a lower average CV (4.9%) than the upper neck forces and moments (10.2%).    
DISCUSSION 
The speed of the impactor and timing of the two impactors relative to one another are the 
primary inputs to simulate player-to-player collisions in contact sports.  The impactor speed from 
these electric servo-driven impactors was repeatable within ± 0.001 m/s.  The precision, when 
used in the ram configuration, and pushing a 14 kg (n=70) or 45 kg (n=20) mass reached the 
target speed with an average absolute error from the target speed of 0.002 m/s and a CV of 
0.025%.  A similar study could not be located for the pneumatic linear impactor in the published 
literature.  The actual impact speed and target impact speed data from one of the labs utilized in 
the testing reported from Viano et al. [17, 63] was analyzed to assess the precision (target speed 
– actual speed) and variability (standard 
deviation and CV) in the pneumatic impactor 
test data (n = 380 tests) (Figure 5.5).  The 
pneumatic impactor test data had an average 
absolute error of 0.05 m/s (Std. dev = ± 0.07 
m/s) with a CV of 0.35%.  These data 
indicate that the servo-driven impactor has 
the capability of delivering an impactor ram 
with at least at the same level of accuracy as, 
and with less variation than the pneumatic 
linear impactor.   
Figure 5.5 – Pneumatic impactor repeatability 
(speed data from Viano et al. (n = 380)). 
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The data presented for the servo-driven impactors included two separate pieces of equipment; 
however, the testing was conducted in the same laboratory.  In test series 1, impactor 1 and 
impactor 2 had average absolute errors from the target speed of 0.003 m/s and 0.002 m/s, and 
CV’s of 0.025% and 0.031%, respectively.  Therefore, this study illustrated that the servo-driven 
impactors were reproducible to a high level of precision and accuracy.  The pneumatic impactor 
data only considered a single laboratory and do not account for any laboratory to laboratory 
variation or equipment variation.  The laboratory-to-laboratory and equipment variation in the 
pneumatic impactor is unknown; however, a small-scale study was conducted at Wayne State 
University (WSU) [79] (n=47).  In this study, the pneumatic impactor had an average absolute 
error from the target speed (9.3 m/s) of 0.112 m/s and a CV of 1.75%.  This indicated that the 
pneumatic impactor was less reproducible due to laboratory, equipment or operator variation.  
The servo-driven impactor should have similar laboratory to laboratory performance or operator 
to operator performance since it is a control system and the operator is only required to input a 
target speed. 
The impactors, when used with ATDs, were capable of simulating on-field player-to-player 
collisions with one or two moving ATDs.  Test series 2 illustrates that as the complexity of the 
impact event increased the CV of the ATD response increased.  The CV was lowest (2.0%) when 
striking an un-helmeted ATD with a ram and increased to a CV of 2.7% when the helmet was 
added to the struck ATD headform.  In collisions with one moving and one stationary ATD the 
CV increased to 4.3% and CVs further increased to 6.5% to 8.1% with two ATDs moving.  The 
CVs with two ATDs moving were less than 10% despite the complexity of propelling two 
independent ATDs to impact in free-air.  These CVs are in the range of CVs found in automotive 
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testing to simulate collisions [80, 81] so this appears to be a reasonable level of variation for this 
type of impact simulation.   
This study presented data on repeatability of ATD to ATD impacts using a first generation of 
ATD support and release system.  Steps have been taken since the time of the testing to improve 
repeatability of these impacts.  It is known that the impactors can deliver the ATDs to impact at a 
consistent speed and synchronized within 1 millisecond of one another.  Therefore, the variation 
exists in the ATD setup and support of the ATD during the acceleration phase of the impactor.  
In the repeatability testing, it was often seen that the ATD would move from its initial position 
during the acceleration phase.  Paint transfer markings from the ATD’s helmet on impactor 1 to 
the helmet of the ATD on impactor 2 indicated the impact occurred within +/- 1.5 cm (Figure 
5.6).  This small movement could explain most of the differences in CV seen from the one ATD 
moving (4.3%) to the two ATD moving (6.5% to 8.1%) conditions.  The first generation support 
and release of the ATD was accomplished using a specially made harness.  Modifications have 
been made to the ATD support system on the sled to provide a more positive support of the ATD 
and prevent this movement during the acceleration phase.  Once these modifications have been 
fully implemented and tested the target is to minimize the CV to a level of 5%, or less.   
Figure 5.6 – Impact location on helmet of ATD on impactor 2 
from a set of five tests with two moving ATDs. 
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CHAPTER 6 – CONCUSSION WITHOUT PRIMARY HEAD IMPACT AND THE ROLE 
OF THE TENSILE FORCES IN THE UPPER NECK:  A CASE STUDY 
INTRODUCTION 
The 2012 consensus statement on concussion in sport included the statement that 
“concussion may be caused by a direct blow to the head, face, neck or elsewhere on the body 
with an impulsive force transmitted to the head.” [1]   
Quite a lot is known about direct impacts to the head causing injury, but there are few studies 
on concussion without head impact.  Friede [10, 11] studied the mechanics of concussion by 
evaluating the signs and neuropathology in the upper spinal cord and brain stem of cats in a non-
impact condition.  He concluded that craniocervical stretch and flexion are the most important 
factors in concussion.  Ommaya et al. [29] produced signs of cerebral concussion, hemorrhages 
on, and contusions over the surface of the brain and upper cervical cord by rotational 
displacement of the head on the neck, without direct head impact.  They concluded that multiple 
mechanisms are involved in cerebral concussion, among them are rotational acceleration of the 
head, flexion-extension-tension of the neck, and intracranial pressure gradients.  Hodgson [82] 
concluded that relative movement at the craniocervical junction may be an important factor in 
whether consciousness is lost in impacts resulting in inertial loading of the head.   
In the human, sled testing conducted by Col. John P. Stapp [83] resulted in the loss of 
consciousness of one volunteer at a peak sled deceleration of 38 g with an onset rate of 1370 
g/sec.  The volunteer reportedly did not follow the experimental protocol to minimize potential 
for injury [82].  Hutchinson [84] conducted a video analysis of 174 concussion-causing hits in 
the National Hockey League (NHL).  Twenty percent of these injuries had a primary shoulder-
to-chest contact, but less than 5% had no secondary head contact.  Elkin et al. [85] noted that the 
clinical symptoms of whiplash and concussion have considerable overlap.  They determined the 
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strain in the brain during rear-end car crashes and found that strains correlated best with the 
change in head angular velocity.   
While direct head impact is the most common cause for concussion and head injury, the 
study of a blow to the body causing concussion may shed light on a mechanism of brain injury.  
Jadischke et al. [86] studied the effect of the increase in helmet weight on head kinematics and 
neck kinematics and concluded that the increased mass of a football helmet added to the head 
caused an increase in neck forces.  This provided a possible explanation why there has not been a 
reduction in concussion rates despite improvements in a helmet’s ability to reduce head 
accelerations.  Ommaya [87] and Hodgson [82] indicated that the mass of the helmet aggravates 
the potential for injury by adding bending, axial, and shear loads at the craniocervical junction.  
King et al. [88] used a discrete parameter model of the head and neck to study the response of the 
neck of pilots who ditch in the ocean and fail to eject before the jet aircraft sank.  The model 
assumed no direct head impact but considered active muscle tension in the neck.  Results showed 
that, with the added weight of a helmet, one of the reasons for the pilots failing to eject was cord 
concussion due in part to upper cervical cord stretch during the combined vertical acceleration 
and forward deceleration of the aircraft.  The computed head linear and angular accelerations 
were below concussive levels. 
The aim of this study was to assess the biomechanical response and estimate the strain in the 
upper cervical spine and brain stem as a result of direct impact to the chest in the sport of 
American football.  This study was completed first by conducting impact testing to the chest of a 
stationary anthropomorphic test device (ATD), both helmeted and un-helmeted.  Second, a case 
study of two National Football League (NFL) game collisions was conducted to assess 
biomechanical forces in real-life collisions resulting in concussion.  In each collision, the 
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primary impact to the struck player was to the chest, and the players experienced a concussion 
with a delayed return to play.  Third, a finite element study of the head and neck from the Global 
Human Body Model Consortium (GHBMC) Average Male model was conducted to estimate the 
elongation of the cervical spine under tensile and flexion loading conditions.  The results of the 
finite element study were then compared to the neck loads obtained in the laboratory 
reconstructions to estimate the strain in the central nervous system (CNS). 
MATERIALS AND METHODS 
Test Series 1 - Impact Testing 
Impact tests were conducted with head, neck, and 
upper torso of a Hybrid III 50th percentile 
anthropomorphic test device (ATD) struck at the centre 
of gravity of the chest (Figure 6.1).  The pelvis of the 
ATD was replaced with a mount of equal mass.  The 
first set of tests was conducted by striking the stationary 
ATD with an impactor with a 38.1 mm (1.5 inch) thick 
deformable vinyl nitrile end cap.  This end cap is used 
commonly in helmet-to-helmet testing to simulate a 
helmeted player [64].  A servo-controlled electric 
impactor was used to accelerate a mass of 45 kg to a 
desired impact velocity.  The impact velocities were 
increased from 5 m/s to 10 m/s and each impact velocity was repeated back-to-back in the 
helmeted and the un-helmeted condition.  The addition of the helmet to the headform resulted in 
a 47% increase in effective head mass (6.69 kg) versus the un-helmeted impacts (4.54 kg).  In the 
Figure 6.1 – Impact configuration 
for test series 1 
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9 m/s and 10 m/s impact speed, the facemask was removed to prevent it from striking the ram, 
resulting in effective head mass (6.02 kg) and only a 32% increase when compared to the un-
helmeted headform.  The struck ATD torso angle was set at 90 degrees above horizontal, it was 
placed on a height-adjustable table, and the impactor was aligned to the centre of gravity of the 
chest. 
The Hybrid III 50th percentile male ATD was instrumented with a DTS 6DX-PRO 2000-8K 
system (www.dtsweb.com) mounted to a machined mounting block to measure translational 
acceleration at the center of gravity of the headform and rotational velocity of the headform.  A 
six-axis upper neck load cell (www.mg-sensor.de) for a 50th percentile male Hybrid III ATD was 
used to measure the forces and moments at the upper neck.  A triaxial accelerometer SLICE 
(+/- 100 g) and triaxial angular rate sensor SLICE (+/- 140 rad/s) were integrated into the 
Diversified Technical Systems (DTS) Slice Micro data acquisition system (www.dtsweb.com) 
mounted on the Hybrid III ATD spine to measure linear acceleration and angular velocity of the 
chest.  These data were used to calculate the accelerations at the centre of gravity of the chest.  
The data were filtered using an antialiasing hardware filter.  Head translational accelerations 
were digitally filtered at Channel Frequency Class (CFC) 1000, neck forces were filtered at CFC 
1000, and neck moments were filtered at CFC 600 using the algorithm defined in SAE J211 [78].  
Angular velocities and chest translational acceleration were filtered at CFC 180.  The polarities 
of the sensors follow those set out in SAE J211. 
Test Series 2 - Laboratory Reconstructions  
Game video was analyzed from multiple camera views to assess the heading angles, torso 
angles, and closing speeds of two cases in the NFL involving concussion with no primary head 
contact.  The orientation of the camera was first calculated in 3D Studio Max software using the 
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perspective match utility.  A 0.25 m diameter sphere, which is representative of the size of 
modern American football helmets, was then placed on the helmet in the camera view in a scaled 
3-dimensional model of the playing field.  This was done just prior to the collision and repeated 
at the time of the collision for three camera views.  The analysis resulted in the sphere positions 
in 3D-space overlaying each other from the three separate camera views.  The scaled model of 
the playing field, distance travelled by the player’s helmet, and the time between frames were 
used to estimate the pre-impact speed and heading angle of each of the players.  The torso angle 
of each of the players was also estimated for use in the reconstruction.  The players’ speeds were 
checked using a 2-dimensional analysis of the markings on the playing field. 
In the laboratory, the upper body of two Hybrid III 50th percentile ATDs were used to 
represent the football players involved in these collisions.  The ATDs consisted of the Hybrid III 
head, neck, upper torso, shoulders, arms (on striking player only), standing lumbar spine, and 
pelvis.  The ATDs were fitted with a weight vest such that the ATD mass could be ballasted to 
represent the player’s upper body mass.  The upper body mass was assessed by scaling the ATD 
mass up to the player mass.  A large-sized American football helmet weighing 2.15 kg was fitted 
onto the struck Hybrid III headform, and a large-sized American football helmet weighing 1.85 kg 
was fitted onto the striking Hybrid III headform.  The brow pads were positioned 2.54 cm (1 inch) 
above the top of the nose.  The chin strap was attached so that it fit snugly over the Hybrid III 
chin.  A nylon stocking was placed over the Hybrid III headforms to reduce the friction at this 
interface and to provide a more realistic response of the helmet on the headform.  This is 
consistent with NFL helmet testing [17, 43].  
The data acquisition and instrumentation for each of the ATDs was similar to that described 
in test series 1.  An electric servo-controlled acceleration sled was used to accelerate 
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independently the two ATDs towards one another at the calculated closing speed.  Just prior to 
impact, the ATDs were released from their sled, and at impact, they were in free flight.  
Encoders mounted on the acceleration sleds were used to control the acceleration sleds and to 
measure the speed and position of the two Hybrid III ATDs just prior to impact.  High speed 
video was recorded at 1000 frames per second. 
Case A 
The injured player was 1.78 metres tall and weighed approximately 81 kilograms.  He played 
the wide receiver position and was struck by a defender who was 1.78 metres tall and weighed 
approximately 83 kilograms.  The wide receiver caught a football while running sideline-to-
sideline on the field, took one step and, just prior to impact, he was looking in the direction of 
another defender.  The striking player’s helmet struck his chest and right shoulder area (Figure 
6.2), and during the response of the struck player, the struck player’s head flexed forward.  The 
struck player’s forward torso motion was stopped immediately upon impact and displaced 
rearward, indicating the torso’s change in speed was greater than the player’s running speed.  
After the impact, the struck player lay motionless for approximately 70 seconds, and he was 
subsequently helped off the field by the athletic training staff.  The team injury report indicates 
he suffered a concussion and missed the remainder of the game as well as the two subsequent 
games.  This is approximately three weeks of game play.   
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Case B 
The injured player was 1.91 metres tall and weighed approximately 112 kilograms.  He 
played the tight end position and caught a football while airborne and moving downfield toward 
the end zone.  The defender’s helmet struck the chest and right shoulder area of the injured 
player while he was airborne (Figure 6.3).  The defender was 1.91 metres tall and weighed 
approximately 105 kilograms.  When he was struck, the struck player was not looking at the 
defender but was still looking in the direction from which the ball had come.  After the impact, 
he fell to the turf on his back and subsequently got up under his own power.  No head-to-ground 
Figure 6.2a - Pre-Impact 
Figure 6.2b - Impact 
Figure 6.2c – Post-Impact 
Figure 6.2 – Pre- and Post-Impact images for Case A. 
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impact occurred.  He left the field and did not return to play that game.  The team injury report 
indicates he suffered a mild concussion, and he returned to game play 7 days later. 
Finite Element Modeling 
The head and neck were segmented from the whole GHBMC 50th percentile male model at 
the first thoracic vertebrae along with all relevant musculature and ligaments.  Validation of the 
head and neck model was previously completed by others [89, 90] using cadaveric and volunteer 
experimental data.  In the present study, the model was not used to assess tissue level strains in 
the brain stem and spinal cord directly because there was no specific validation related to the 
Figure 6.3a – Pre-Impact 
Figure 6.3b – Impact 
Figure 6.3c – Post-Impact 
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brain stem and upper cervical spinal cord discussed in the literature.  Rather, the kinematics of 
the vertebrae and skull were studied to assess the craniocervical stretch in the vertebral column.  
The overall elongation of the cervical column because of tensile or flexion loading was 
computed using discrete points defined on the anterior, left, right, and posterior sides of each 
cervical vertebrae, and the location and orientation of the skull was monitored by tracking its 
centre of gravity  
LS-Dyna (Livermore Software Technology Corporation, Livermore, CA) was used to run the 
simulations.  The scalp, skull, and each vertebrae were converted to rigid bodies.  The nodes at 
the base of the model (base of C7 vertebral body) were fully constrained.  The tensile and flexion 
loading conditions were applied independently of one another to the same node, located on the 
top of the scalp and above the occipital condyles. The tensile load curve was developed based 
upon the upper neck tension in Viano et al. [44] (Case 38) and the curve was scaled to have peak 
neck tensions of 500, 1500, and 2500 N occurring at 20 milliseconds.  The simulations were run 
for 30 milliseconds.  A second set of simulations was completed for the flexion loading 
condition.  The head was rotated forward to simulate flexion of the head and neck and to assess 
the change in length of the spinal canal per degree of head rotation.  The simulations were 
conducted for a duration of 30 milliseconds, and the head reached a maximum forward flexion of 
51 degrees during this time.  The average strain in the upper cervical spine was assessed at the 
level of C1-C5 since the literature [35, 36] has shown there to be not only caudal (downward) 
displacement of the spinal cord relative to the spinal column in this level but also cephalad 
(upward) displacement of the spinal cord below this level.  The strain in the spinal canal was 
multiplied by a 0.65 coupling ratio to estimate the strain in the upper cervical spinal cord and 
brain stem.  The basis for this coupling ratio is discussed in Chapter 8. 
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The simulations were conducted using a dual quad core 64-bit Dell Precision M6600 
computer with an Intel i7-2760 CPU at 2.4 GHz.  The kinematics predicted by the finite element 
simulations were compared to existing human volunteer [35, 91] and cadaveric studies [92, 93]. 
RESULTS 
Test Series 1 – Impact Testing 
The primary ATD response to the chest impacts was in the sagittal plane.  Table 6.1 
illustrates the biomechanical responses for various closing velocities.  The helmeted responses 
resulted in a 40% ± 10% (t=9.84, p<0.001) increase in upper neck tensile forces when compared 
to their equally severe un-helmeted impacts.  There was also an increase of 8% ± 3% (t=7.267, 
p<0.001) in head flexion angle.  There was a reduction in head displacement of 18% ± 4% and a 
reduction of rotational velocity of 18% ± 6% because of the increased mass and inertia of the 
helmeted headform.  For the helmeted impacts, the head flexed more forward prior to it being 
displaced rearward with the torso causing the head motion to lag behind the torso motion.  This 
resulted in significantly greater neck forces and moments when compared to the un-helmeted 
impacts.  High speed video of a 10 m/s chest impact is illustrated in Figure 6.4.  
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Test Series 2 - Laboratory Reconstructions 
The closing velocities for Case A and Case B were 12.6 and 9.8 m/s, respectively.  The 
closing velocity in Case A was higher than any of the closing velocities reported by Pellman et 
al. [43] in their reconstruction of helmet-to-helmet hits resulting in concussion, and the closing 
velocity in Case B was higher than the average reported by Pellman et al. [43].  The 
reconstructed laboratory impacts for Case A and Case B both resulted in the struck player’s 
kinematics being similar to the actual impact as well as the impact testing in test series 1.  These 
kinematics are also similar to a seat-belted occupant in an automotive frontal collision.  The 
reconstruction data from the struck ATD are summarized in Table 6.2.  A comparison of the 
post-impact kinematics of Case A is illustrated in Figure 6.5.  A comparison of these laboratory 
Impact 
50 ms 
100 ms 
125 ms 
Figure 6.4:  Comparison of helmeted versus un-helmeted chest impact.  In the 
helmeted impact the head movement lags behind the torso rotation, resulting in greater 
forward rotation of the head relative to the torso and higher neck force and moments 
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reconstructions to the Test Series 1 results for the helmeted and un-helmeted ATDs is illustrated 
in Figure 6.6. 
 
  
Table 6.2:  Biomechanical responses to chest impacts for the Hybrid III ATD in the reconstructed game 
hits resulting in concussion 
Closing
Case Speed Location Rot. Acc. Rot. Vel. Rot. Moment
x z res x z x z y y y Shear Tension Flexion
[m/s] [g] [g] [g] [m/s] [m/s] [m] [m] [rad/s2] [rad/s] [deg] [N] [N] [Nm]
A 12.6 Head -38.2 49.7 49.3 -12.20 7.89 -0.73 0.55 -3110 -41.1 -51.0 -1074 2646 49.3
Chest -36.6 18.0 41.8 5.1 1.6 -0.42 0.08 - 8.2 10.1
B 9.8 Head -15.6 -15.0 18.7 -6.10 -3.40 -0.16 -0.14 -1264 -26.5 -46.0 -799 1342 36.0
Chest -19.2 9.7 19.0 3.8 0.9 -0.17 0.03 - 4.6 3.0
Forces
Kinematics Upper Neck Kinetics
Trans. Accel. Trans. ΔVel. Trans. Disp.
0 
17 
34 
51 
68 ms 
Figure 6.5 – Post-impact kinematics in laboratory 
reconstruction of Case A compared to the game video. 
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The translational head accelerations in these cases (Case A = 52 g, Case B = 23 g) are in the 
range of the uninjured striking (56 ± 22 g) and uninjured struck (60 ± 24 g) player data from 
Pellman et al. [43], in their reconstruction of helmet-to-helmet collisions.  These are well below 
the average of concussed player’s (98 ± 28 g).  The lowest translational accelerations reported by 
Pellman et al. [43] resulting in concussion were 48 g and 52 g, and neither of these resulted in 
loss of consciousness.  The translational head accelerations in Cases A and B are below other 
proposed translational acceleration injury thresholds for a concussion [48, 49, 94, 95, 96]. 
In the laboratory reconstructions of Cases A and B, the ATD head flexed forward 51 and 46 
degrees, respectively, relative to the torso and reached angular speeds of 41.1 rad/s and 26.5 
rad/s, respectively.  The forward flexion angle of the ATD head was within the normal range of 
motion of the human [35].  The head angular velocity in Case A was similar to the average 
injured player by Pellman et al. [43] (34.8 ± 15 rad/s).  The head angular velocity in Case B was 
similar to the average uninjured players by Pellman et al. [43] (26.1 ± 10 rad/s). 
The upper neck had a peak neck tension of 2646 N in Case A and 1342 N in Case B.  These 
neck tension forces exceed those previously reported in volunteer research [97, 98, 99].  They are 
Figure 6.6 – Upper neck tension and head acceleration responses to chest impacts for the Hybrid III 
ATD in the helmeted and un-helmeted conditions.  The laboratory reconstructions (Case A and Case 
B) are overlaid onto this data and show good agreement with the impact testing to the chest of the 
Hybrid III ATD. 
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generally in the range of those reported by Viano et al. [44] (1704 ± 432 N) in the reconstruction 
of five players who sustained concussion with no loss of consciousness in the NFL.  However, in 
this case study, Case A had a greater neck tension and did result in a loss of consciousness.  The 
chest acceleration in Case A was of similar magnitude to the case reported in the literature [82] 
in which a volunteer lost consciousness after undergoing a severe frontal deceleration event. 
Finite Element (FE) Modeling 
Finite element modeling indicated that the strain in the cervical spine increased linearly with 
head flexion or tensile loading; however, it varied along the length of the cervical spine.  The 
average strain in the vertebral column in flexion was 0.21 % strain/degree of head rotation and 
4.6 % strain/1000 N of tensile load.  The maximum strain in the vertebral column was predicted 
to occur in the upper cervical spine (C1-C2) and was 0.28 % strain/degree of head rotation and 
6.5% strain/1000 N of tensile load for flexion and tension, respectively.  This is consistent with 
previous biomechanical testing and finite element modeling that has predicted the highest strains 
to occur in the upper cervical spine [100]. 
A spinal cord coupling ratio of 0.65 [41, 101] was used to estimate the central nervous 
system (CNS) strain relative to vertebral body strain.  Using this coupling ratio, a maximum 
strain in the CNS for a flexion angle of 55 degrees is predicted to be 7.5% to 10.0%.  These 
estimates using finite element modeling were comparable to in-vivo volunteer data which 
measured a maximum strain in the spinal cord of approximately 10.2% at a 55 degree flexion 
angle [35]. This comparison suggests that the coupling ratio in the human may be higher than 
0.65.  A coupling ratio was also applied to the tensile loading condition to estimate the strain in 
the CNS due to neck tension.  The average strain in the CNS was predicted to be 1.6%, 4.6% and 
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6.8% for neck tension loads of 500 N, 1500 N, and 2500 N, respectively.  The peak strains, in the 
upper cervical spine (C1-C2), were predicted to be 1.3%, 6.0% and 11.0%, respectively. 
The laboratory reconstruction data for Case A and Case B, as well as the FE data, were used 
to estimate the strain in the CNS in these concussed NFL players.  The strain in the CNS was 
estimated to be 14.4 to 20.5% in Case A and 10.1 to 14.1% in Case B due to combined tension 
and forward flexion.  This assumes that the peak strains due to the tensile load and flexion occur 
at the same time.  This laboratory reconstruction and FE data indicates that the maximum strain 
in the CNS (Table 6.3) exceeds the levels that have been documented to cause changes in 
functional and structural response in spinal nerve roots at high strain rates [102].  The strains are 
similar to those documented in in-vivo tests with primates which resulted in functional changes 
in the spinal cord as well as changes in heart rate and respiration [13]. 
DISCUSSION 
While translational acceleration, rotational velocity, and rotational acceleration of the head 
have been discussed as biomechanical correlates with concussion, craniocervical stretch resulting 
from tension and flexion in the upper cervical spine has been reported to be an important factor 
in concussion [10, 11, 82].  In the human, neck tension and head flexion have each been shown 
Case Force Rotation
Spinal Canal CNS Spinal Canal CNS Spinal Canal CNS Spinal Canal CNS
[N] [%] [%] [%] [%] [deg] [%] [%] [%] [%]
FE Study 500 2.4% 1.6% 2.1% 1.3% 35 7.4% 4.8% 9.8% 6.4%
FE Study 1500 7.1% 4.6% 9.2% 6.0% 45 9.5% 6.1% 12.6% 8.2%
FE Study 2500 10.5% 6.8% 16.9% 11.0% 55 11.6% 7.5% 15.4% 10.0%
Case A 2646 11.5% 7.5% 17.3% 11.2% 51 10.7% 7.0% 14.3% 9.3%
Case B 1342 5.9% 3.8% 8.7% 5.7% 46 9.7% 6.3% 12.9% 8.4%
Avg. Strain C1-C5 Max. Strain C1-C2
Tension Flexion
Avg. Strain C1-C5 Max. Strain C1-C2
Table 6.3 – Estimated strain in the cervical spinal canal based upon the head rotation angle and 
tensile loads.   The strain in the CNS (spinal cord and brain stem) was estimated by multiplying the 
spinal canal strain by a 0.65 coupling ratio. 
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to result in strain of the upper cervical spinal cord and the brain stem.  Breig [28] studied the 
biomechanics of the CNS in 183 human cadavers.  He found that tension generated in the spinal 
cord can be transmitted from the spinal cord to the brain stem, resulting in elongation of these 
brain tissues.  The largest elongation occurred in the medulla oblongata, and no elongation was 
apparent superior to the midbrain.  The reticular formation of the brain stem controls heart rate, 
respiration, and consciousness.  Changes in heart rate, respiration, and alteration of 
consciousness are common signs of concussion in animal studies [10, 11, 13, 87].  These 
changes have also been observed in the decerebrate animal [31] indicating there is brain stem 
involvement.  In histological animal studies related to concussion [10, 11, 31] cellular damage in 
the reticular formation of the brain stem has been identified.  The loss of consciousness evident 
in one of the players in this case study is consistent with injury to the brain stem.   
In Case A and Case B, the struck Hybrid III ATD underwent 51 and 46 degrees of head 
flexion, respectively.  The forward flexion of the head was combined with neck tension as a 
result of the inertial loading of the head.  The flexion of the head is within normal range of 
motion of the human for quasi-static movement; however, in the human [34, 35, 91, 103, 104] 
and primate [36], imaging studies have reported elongation of the cervical spinal canal and cord 
in flexion.  The FE modelling results combined with a coupling ratio would estimate strains in 
the CNS of 9.3 % and 8.4 % as a result of forward flexion, in Cases A and B, respectively.  
These strains, by themselves, are within the range that has been documented for the human [35] 
as part of the normal range of flexion motions. 
The neck tensions in the concussed NFL players in this case study (Case A = 2646 N, Case B 
= 1342 N) are greater than neck tensions found in volunteer studies [97, 98, 99] and greater than 
uninjured NFL players [15] (670 ± 405 N).  The neck tensions are similar to those reported by 
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Viano et al. [44] in their reconstruction of struck and injured players in the NFL (1704 ± 432 N) 
and are less than the neck tensions resulting in failure of the cervical spine in musculoskeletal 
cadaveric studies [92, 93, 105, 106].  Neck tension is not a typical range of motion or loading 
condition in the human due to our upright posture.  The tensile loads in Case A and Case B 
correspond, respectively, to approximately 3.27 and 1.10 times the player’s body weight which 
must be supported by the soft tissues of the neck.  In these cases, the struck players did not 
appear to have the opportunity to ready themselves for the impact.  From our FE study, and by 
applying a coupling ratio, the maximum strain in the CNS due to neck tension was estimated to 
be 11.2% and 5.1% for Cases A and B, respectively.   
The strain in the CNS due to combined tension and flexion for Case A and Case B was on the 
order of 14.4 to 20.5% and 10.1 to 14.1%, respectively, assuming that peak strains occurred 
simultaneously.  The data presented in this case study supports the mechanism of injury 
discussed by Friede [10, 11] and Hodgson and Thomas [21] and Hodgson [82] who have 
indicated that strain in the upper spinal cord and brain stem are important factors in concussion.  
The brain stem’s relation to concussion is further supported by the early work of Denny-Brown 
and Russell [31] who produced concussion signs in the decerebrate animal.  This level of strain 
exceeds the strains [110] that resulted in changes in heartrate and respiration as well as reduced 
evoked potentials in the spinal cord in in-vivo primate testing.  These are common signs of 
concussion in animal studies.  The estimated strains in this study also exceed the strain that 
resulted in temporary dysfunction of spinal nerve roots with a tensile loading applied [13].  
Therefore, the magnitude of these strains support that elongation of the cervical spinal cord and 
brain stem could be a mechanism of concussion.  
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The addition of the helmet to the ATD headform in test series 1 resulted in an increase in 
neck tension and forward flexion of the head.  The neck tension increased by 40% and forward 
flexion increased by 8% as a result of the added helmet mass.  A similar trend in the neck forces 
was also found previously in simulated head impacts [86].  Others [29, 82] have indicated that 
the mass of the helmet added to the head can increase the strain at the craniocervical junction.  If, 
through further research, neck tension is found to be a biomechanical predictor of concussion, 
helmet and equipment manufacturers could use this information to apply greater emphasis on 
helmet mass and inertia when optimizing helmet performance and also to develop alternative 
methods of protecting against concussion.  
There are several limitations of this case study that should be noted.  This case study was 
performed using the Hybrid III ATD in a laboratory test environment.  The case study is limited 
since only two cases were reconstructed.  However, the reconstruction of these two cases may 
help shed some light on a potential mechanism of concussion since they investigated impacts to 
the chest.  The Hybrid III headform and neck provide a biofidelic response in the loading 
condition analyzed; however, it is not human.  Therefore, tissue level strains could not be 
directly assessed.  The data acquired was used in conjunction with FE modelling to estimate the 
stretch in the upper cervical spine and a coupling ratio was applied to assess the strain in the 
CNS under these loading conditions.  Additionally, the design of the Hybrid III has a neck 
simulating some muscle tensing, but there is no active musculature in any of the current test 
dummies.  The effects of active and passive neck musculature were not investigated since this 
was beyond the scope of this case study; however, our review of the videos indicated that neither 
of the injured players appeared to be looking in the direction of the defender and, therefore, it is 
unlikely they were able to actively prepare for the impact.   
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The Hybrid III ATD was designed for frontal impact testing; in this case study the post-
impact kinematics of the ATD are representative of a frontal impact in an automotive collision.  
Therefore, it appears to be a suitable mechanical surrogate for this testing.  In addition, for 
research purposes, the current standard for head impact testing related to helmet performance 
appears to be the Hybrid III head and neck, and they have been used extensively in impact 
testing related to helmet performance and boxing punches [16, 17, 61, 62, 70, 71].   
In Case B, it was clear that no primary or secondary head contact occurred between the 
striking player and the struck player’s head; however, the motion blur in the video for Case A 
was a limiting factor.  In Case A, upon impact, the torso’s forward motion stopped and the head 
continued to move and flex forward.  This indicates that the primary contact was to the chest of 
the struck player.  Due to the severity of this collision, the bottom of the struck player’s 
facemask may have made contact with the top of the defending player’s helmet as his head 
flexed forward.  This was simulated in our reconstruction of the collision and appears to have 
reduced the forward flexion of the head and increased the neck tension in comparison to test 
series 1. 
In this study, only peak strain in the neck has been considered from an impact to the chest.  
The rate of loading indicates the strain-rate effect may be a factor in the concussion and deserve 
further attention in the future.  
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CHAPTER 7 – A LABORATORY STUDY OF INJURIOUS AND NON-INJURIOUS 
HELMET-TO-HELMET HITS IN AMERICAN FOOTBALL SIMULATED USING THE 
HYBRID III ATD:  A NEW LOOK AT HEAD AND NECK RESPONSES 
INTRODUCTION 
Pellman et al. [43] reported on the analyses of 182 game impacts in the National Football 
League (NFL) and the laboratory reconstruction of 31 impacts using the Hybrid III 50th 
percentile anthropomorphic test device (ATD).  Twenty-five of these reconstructed impacts 
resulted in concussion to one of the players involved.  Viano et al. [44] have recommended 
further study of the head kinematics, such as, neck twist (z-axis rotation) and neck tension after 
the impact has occurred, and their relation to concussion since neck stiffness can affect headform 
delta-V.  Collins et al. [45] more recently indicated that a lowered neck strength is a significant 
predictor of the potential for concussion; however, they recommend that further research is 
necessary to understand why.   
It is generally thought that translational and rotational acceleration and velocity of the head 
are biomechanical predictors of concussion.  Each of these can result in head movement relative 
to the torso and lead to forces and deformation in the cervical spine.  There are important data to 
support the theory that concussions can occur from forces and deformation at the atlanto-
occipital joint and brain stem [10, 11, 13, 21, 22, 29, 32, 32, 33].  In animal studies, concussion 
is typically diagnosed if a loss of consciousness, change in heart rate or respiration, or loss of 
corneal reflex occurs.  These are primary functions of the brain stem [12].  In the human, Casson 
et al. [3] have reported on concussion symptoms in 1740 National Football League (NFL) 
players.  Most of these symptoms correlate to injury of the spinal cord, brain stem, and/or 
midbrain (Chapter 1).  McCrory et al. [6] have discussed posturing of injured players through a 
video analysis and concluded this also could be a sign of brain stem injury.   
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Neck tension (distraction), lateral rotation (x-axis rotation), flexion (y-axis rotation), and 
twist (z-axis rotation) can each result in elongation of the cervical spine and, therefore, tension in 
the central nervous system (CNS) [107].  Breig [28] observed that tension generated in the spinal 
cord can be transmitted from the spinal cord to the brain stem, cerebellum, and cranial nerves (V 
– XII), resulting in tension in these brain tissues.  The role of neck tension and motion of the 
head relative to the torso as a mechanism for concussion needs further evaluation since these 
kinematics could result in strain in the brain stem. 
In the study by Pellman et al. [43], the laboratory reconstructions incorporated a drop tower 
where the struck player was represented by the falling, helmeted, ATD headform with neck 
attached to a carriage.  This moving head and neck impacted a stationary ATD which consisted 
of the head, neck, and torso supported by stretchable cables.  The upper neck forces and the 
carriage acceleration were not measured in the moving head and neck. There was no 
instrumentation to measure the upper torso kinematics in the stationary ATD.  The aim of this 
study is to generate new data of a subset of the reconstruction cases presented by Pellman et al. 
[43] to better understand head motion relative to torso and the upper neck forces in the injured 
and uninjured players.  In this study, eighteen of the thirty-one cases have been re-created using 
different laboratory methods.  The impacts were re-created by matching the helmet-to-helmet 
impact location and closing velocities reported in previously-published work [60] and through 
new video analysis of the heading angles, torso orientation, and relative speeds of the players. 
The aim of this study was not to re-create the head kinematics from the initial work but rather to 
generate a new independent data set using new laboratory methods.   
  
87 
 
 
MATERIALS AND METHODS 
Video Analysis 
The methods used in the original reconstructions are described in detail elsewhere [43, 72, 
108].  In the present study, the closing speeds and impact location on the helmets were used from 
the published research [60], and the game videos were re-analyzed to assess the players’ pre-
impact vectors.  The players’ heights and weights were also established.  
The same game videos were analyzed from a minimum of two views to assess the heading 
angles, torso angles relative to the field, and the relative distance traveled from a time just prior 
to impact until the impact occurred.  The orientation of the camera was first calculated in 3D 
Studio Max software using the perspective match utility.  A 0.25 m diameter sphere, which is 
representative of the size of the Riddell VSR4 size large helmet, was then placed on the helmet 
in the camera view in a scaled 3-dimensional model of the playing field.  The sphere was 
connected to two different-sized ellipsoids to represent the neck and upper torso of the players.  
The 3-dimensional position of the sphere and ellipsoids was established just prior to the collision 
(typically 10 frames prior) and repeated at the time of the collision for each camera view.  The 
analysis resulted in the sphere positions overlaying each other in 3D-space.  The sphere was then 
rotated about its center point to establish the approximate torso orientation relative to the 
horizontal plane of the playing field.  The scaled model of the playing field, calculated distance 
travelled by the player’s helmet, time between frames, and the previously-published closing 
speeds were used to estimate the pre-impact vector of each of the players.  Table 7.1 summarizes 
the data used for this new data set of laboratory reconstructions. 
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Laboratory Reconstructions   
The upper body of two Hybrid III 50th percentile ATDs were used to represent the football 
players involved in these collisions.  These ATDs were positioned and accelerated toward one 
another to simulate the torso angles and closing momentum determined from the video analysis.  
An electric servo-controlled acceleration sled (Chapter 5) was used to move each ATD 
independently to achieve the target closing momentum.  For some of the reconstructions, both 
ATDs were accelerated toward each other and impact occurred with both ATDs in free flight. 
Other tests were performed with one moving ATD in free flight at impact and the stationary 
Table 7.1 – Summary of input data for the laboratory reconstructions.  The helmet impact location is 
defined in the original dataset [1].  The player weights were established by reviewing game video.  The 
ATD weight is the scaled weight of the player to represent the upper torso mass.  The ATD weight and 
closing velocity were varied to more closely represent the closing momentum. 
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ATD resting on a height-adjustable table and supported overhead by a tear-away hook and loop 
strap.   
The ATDs consisted of the Hybrid III head, neck, upper torso, shoulders, standing lumbar 
spine, and pelvis.  The ATDs were fitted with a weight vest such that the ATD mass could be 
ballasted with up to 30 kg of additional weight in 1 kg increments to represent the player’s upper 
body mass.  The upper body mass was assessed by scaling the ATD mass up to the estimated 
mass of the player’s upper torso.  This was based upon the weight distribution of the ATD [75, 
76].  The unballasted ATDs weighed 45 kg; therefore, the maximum upper body mass that could 
be achieved was 75 kg.  
A nylon stocking was placed over the Hybrid III headforms to reduce the friction at this 
interface and to provide a more realistic response of the helmet on the headform.  This is 
consistent with NFL helmet testing [16, 43].  A large-sized Riddell VSR-4 helmet [62] weighing 
1.85 kg was fitted onto the each of the Hybrid III headforms.  The brow pads were positioned 
2.54 cm (1 inch) above the top of the nose.  The chin strap was attached so that it fit snugly over 
the Hybrid III chin.  The Riddell VSR-4 helmets were no longer for sale for game use at the time 
of this study.  The helmets used for this study were replica helmets that were acquired from 
Riddell.  The padding arrangement and overall appearance were identical to a game-worn 
Riddell VSR-4 helmet.  On one of these helmets, a grid was created on the shell to match the 
impact locations that Pellman et al. [60] had previously defined.  This grid on the helmet shell 
assisted with positioning the ATDs for impact. 
ATD Instrumentation and Filtering 
Each Hybrid III 50th percentile male ATD was instrumented with a DTS 6DX-PRO 2000-8K 
system (www.dtsweb.com) mounted to a machined block to measure translational acceleration 
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at the center of gravity of the headform and rotational velocity of the headform.  A six-axis upper 
neck load cell (www.mg-sensor.de) for a 50th percentile male Hybrid III ATD was used to 
measure the forces and moments at the upper neck of each ATD.  One of the ATDs was 
equipped with a DTS 6DX-PRO 2000-8K at the center of gravity of the ATD chest.  The other 
ATD had a triaxial accelerometer SLICE (+/- 100 g) and triaxial rotational rate sensor SLICE 
(+/- 140 rad/s) that were integrated into the Diversified Technical Systems (DTS) Slice Micro 
data acquisition system (www.dtsweb.com) mounted on the Hybrid III ATD spine to measure 
linear acceleration and rotational velocity of the chest.  These data were used to calculate the 
accelerations at the center of gravity of the chest.  This ATD was also equipped with a six-axis 
lower neck load cell (www.mg-sensor.de) and three additional accelerometers in the ATD 
headform to measure linear and rotational acceleration of the head and rotational velocity 
directly. 
The data were first filtered using an antialiasing hardware filter.  Head translational 
accelerations and rotational velocities were digitally filtered at Channel Frequency Class (CFC) 
180, neck forces were filtered at CFC 1000, and neck moments were filtered at CFC 600, using 
the algorithm defined in SAE J211 [78].  Chest rotational velocities and chest translational 
acceleration were filtered at CFC 180.  The polarities of the sensors follow those set out in SAE 
J211 and are summarized in Figure 7.1.  The head rotational accelerations were measured in 
ATD 1, and in ATD 2, they were calculated by taking the derivative of the CFC 180 rotational 
velocity data.  In the chest, the rotational velocities were first filtered at CFC 60 then 
differentiated to calculate rotational acceleration.  Post-processing was completed using National 
Instruments LabVIEW and Microsoft Excel.  The first 100 milliseconds of data after the 
collision were analyzed. 
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Calculated Biomechanical Parameters 
The head translational and rotational displacements, velocities, and accelerations of the head 
relative to T1 were each calculated.  The Head Injury Criteria (HIC) is an injury criterion that is 
based upon linear acceleration and the Wayne State Tolerance Curve.  It is traditionally used for 
the assessment of head protection in the automotive industry when an impact occurs with an 
interior vehicle component.  It is utilized as a measure of head injury assessment in various 
Federal Motor Vehicle Safety Standards (FMVSS).  When applying HIC in the automotive 
testing environment, it has been recommended that the duration over which HIC is calculated is 
less than 15 ms (HIC15) [109].  The expression to calculate HIC15 is: 
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Figure 7.1 – Summary of instrumentation and filtering of the ATDs.  The 
channel name is provided as it relates to the results and discussion 
section.  The subscripts x, y and z correspond to the axis of 
measurement.  The subscript R corresponds to a resultant.  Rotational 
acceleration (if not measured) was calculated by first filtering rotational 
velocity at CFC60 and then differentiating the velocity to calculate 
acceleration. 
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The impact force vector was calculated for each of the collisions [110].  The magnitude of 
the impact force is equal to the sum of the inertial forces acting on the head and the neck reaction 
forces.  It is determined as: 
𝛴𝑃 = 𝑚𝑎 − 𝐹  
Where, 
 P =  Resultant impact force vector 
 m =  The sum of the mass of the helmet (1.85 kg) and headform (4.54 kg) 
 a =  Translational acceleration at the center of gravity of the headform 
 F =  Neck reaction force vector 
The location of the impact force radius vector is determined by solving the following equation: 
𝛴𝑀 =  ?̇?  = 𝑀𝑁 + 𝜌𝑁 x 𝑁 + 𝜌P x P 
Where, 
 MN =  Neck reaction moment vector 
 ρN =  Neck reaction force radius vector 
 ρP =  Radius vector of the impact force 
 M =  Applied moment vector 
?̇?  =  Euler’s Equations, where,  
   Ixx = 0.03190 kgm
2 (headform = 0.0160 kgm2, helmet = 0.0159 kgm2) 
   Iyy = 0.04165 kgm
2 (headform = 0.0240 kgm2, helmet = 0.01765 kgm2) 
   Izz = 0.03912 kgm
2 (headform = 0.0220 kgm2, helmet = 0.01712 kgm2) 
To solve this equation, the Hybrid III headform was digitized and 3000 points were 
established on the headform which were evenly distributed and referenced using x, y, and z 
locations relative to the headform’s center of gravity.  The location of the impact force on the 
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headform was solved numerically using a least-squares approximation.  An azimuth and zenith 
were calculated for the impact force using the directional components of the impact force vector.  
The impact force vector and location of application were plotted in MS Excel at the time of the 
maximum impact force +/- 10 milliseconds to verify the stability of the calculation. 
The impulse acting on the headform was calculated using the impact force.  The end of the 
impulse was defined as the time at which the impact force drops below 500 N.  The impulse was 
then used to calculate the effective mass of the headform and helmet during the collision.  The 
calculation is as follows: 
𝐼𝑚𝑝𝑢𝑙𝑠𝑒 = ∫ 𝑃𝑑𝑡 =  𝑚𝑒𝑓𝑓.∆𝑉ℎ𝑒𝑎𝑑 
Where,  
P =   Impact force 
meff =   Effective mass of the head 
ΔVHead =  Change in velocity of head  
Statistical Analysis 
In the new data set, the differences between the ATDs representing the injured and uninjured 
players were assessed using a two-tailed, student-t test, assuming unequal variances.  A paired 
sample t-test was conducted to assess the differences between the impact force and impulse 
acting on the striking and uninjured players to the struck and injured players.  The t-tests were 
conducted using IBM SPSS version 24.  A p < 0.05 was considered significant.   
This new data set was compared to the original data set [43] to assess ATD response 
differences due to the laboratory methods used.  A z-test was conducted to compare translational 
and rotational resultant head accelerations, changes in velocity, HIC15, upper neck tensile and 
compressive force for each of the injured and uninjured players.  The peak impact forces for the 
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uninjured players were also compared.  This z-test was conducted using Microsoft Excel, and 
p-values were looked up in standard z tables. 
RESULTS 
The data from these laboratory reconstructions are summarized in Tables 7.2 and 7.3.   
 
Case Injury Impact Force 
 
Head  
 
Head relative to T1 Head 
ID 0 - No Force Azimuth Zenith Impulse  
Acc
R
 ΔV
R
 HIC αR ΔωR 
 
ΔV
H-T1
 Δω
H-T1
 x y z Meff 
  1 - Yes [N] [deg] [deg] [N-s]   [g] [m/s] - [rad/s
2
] [rad/s]   [m/s] [rad/s] [deg] [deg] [deg] [kg] 
7 0 4598 -28.0 -74.3 96.5 
 
33.1 4.4 25.9 2275 11.1 
 
2.25 12.0 7.8 -10.3 16.1 25.7 
7 1 4309 -88.1 13.8 55.4 
 
51.0 6.3 113.4 3432 20.7 
 
5.54 13.7 7.2 -6.4 8.8 9.3 
9 0 6872 -40.4 -81.7 80.6 
 
49.2 3.3 52.7 3149 18.3 
 
2.54 19.0 21.0 20.1 9.3 23.6 
9 1 6505 83.8 -37.4 77.7 
 
71.9 8.2 316.9 4170 44.9 
 
8.19 40.2 47.0 10.1 21.6 9.5 
38 0 9695 29.1 -72.1 97.5 
 
81.2 2.8 121.0 8179 18.4 
 
2.90 20.6 4.6 -28.3 7.8 42.9 
38 1 8198 -86.7 5.5 96.4 
 
107.1 10.0 480.4 5464 50.4 
 
11.05 42.5 40.7 -20.5 39.0 9.7 
39 0 5599 55.3 -75.9 72.8 
 
32.4 3.2 28.7 3091 22.3 
 
2.98 23.0 20.8 -13.0 10.4 22.8 
39 1 6997 46.4 1.2 75.1 
 
90.9 9.0 365.9 5011 60.3 
 
8.09 53.2 60.6 23.4 53.9 8.9 
57 0 11883 20.7 -62.5 158.3 
 
111.9 7.3 359.9 4225 26.8 
 
5.16 26.4 23.7 11.7 27.3 26.5 
57 1 6376 -78.8 -3.4 79.1 
 
79.5 8.7 382.9 6329 51.4 
 
9.67 43.5 40.0 -17.1 25.1 9.2 
59 0 3187 27.4 -49.3 27.7 
 
29.3 2.1 22.5 1296 12.7 
 
1.65 8.8 5.1 8.3 1.8 13.4 
59 0 4131 78.4 -16.1 27.9 
 
56.3 3.2 71.4 4474 26.4 
 
3.20 24.7 21.1 12.5 28.8 8.5 
69 0 6722 -18.6 -81.3 138.4 
 
43.3 6.5 38.3 4960 23.9 
 
2.81 22.2 10.3 -20.7 31.0 17.0 
69 1 5302 37.5 -1.0 92.5 
 
63.7 11.1 227.8 4977 26.4 
 
9.63 24.6 11.9 15.8 16.3 11.4 
71 1 5163 87.6 -21.3 50.2 
 
73.5 6.5 196.9 6547 40.2 
 
6.83 36.4 36.6 -4.1 30.4 7.8 
71 0 6142 1.7 -53.5 51.9 
 
62.4 3.1 76.3 3687 20.4 
 
2.42 18.0 3.1 32.9 9.2 17.2 
77 0 8188 71.9 -65.1 93.0 
 
71.5 9.6 128.3 5233 34.7 
 
4.59 33.9 37.2 24.5 12.7 15.8 
77 1 6145 40.6 -14.0 82.9 
 
82.0 8.9 382.0 4947 33.9 
 
7.79 29.1 21.7 47.0 7.3 9.1 
84 0 6941 75.1 -59.2 69.6 
 
63.3 5.8 106.4 5746 34.7 
 
3.83 35.2 34.2 35.0 11.2 14.3 
84 1 5361 -51.9 -40.6 62.2 
 
54.1 6.6 142.4 4260 35.0 
 
6.71 30.2 46.0 29.1 32.1 10.0 
92 0 10363 75.0 -69.2 82.3 
 
88.3 6.7 222.5 10609 35.8 
 
4.79 37.8 41.1 17.6 25.4 15.8 
92 1 9072 -75.4 -21.2 89.4 
 
119.1 11.0 617.6 7620 44.0 
 
11.38 37.3 53.0 28.6 23.0 8.4 
98 0 7167 -80.4 -72.7 103.2 
 
56.3 5.6 62.0 6671 33.7 
 
3.60 35.4 15.6 37.8 54.6 18.8 
98 1 5080 -73.5 -28.0 73.3 
 
61.2 7.7 203.7 3469 31.4 
 
8.07 26.0 32.6 28.8 20.3 10.1 
113 0 4612 -80.3 -75.4 46.5 
 
33.7 2.4 29.8 3131 14.6 
 
2.22 12.9 12.8 -3.1 4.7 19.7 
113 1 3835 84.4 6.6 49.2 
 
54.8 6.0 132.1 5616 34.1 
 
6.54 31.2 37.4 9.3 25.3 7.9 
118 0 9715 -34.7 -78.8 162.2 
 
74.4 6.4 162.4 3557 18.5 
 
4.69 21.2 5.0 -24.6 4.9 27.8 
118 1 4100 41.8 -3.6 67.3 
 
48.8 7.8 106.8 5795 57.6 
 
5.87 54.0 21.2 -29.7 75.6 11.3 
125 0 9459 -72.4 -69.0 67.2 
 
76.9 3.9 162.4 10987 24.6 
 
3.62 20.9 21.3 17.6 19.7 18.3 
125 1 7988 -86.1 -9.6 79.9 
 
113.8 10.5 558.5 10100 64.7 
 
12.82 55.9 36.4 -24.7 66.5 8.2 
148 0 4755 -74.1 -72.9 46.3 
 
31.4 1.9 25.3 1433 14.5 
 
1.88 13.6 11.8 12.5 11.1 23.8 
148 1 3607 -51.4 -10.0 46.0 
 
51.3 5.8 113.8 4696 36.8 
 
5.66 32.5 36.0 22.1 37.1 7.7 
157 0 7321 53.0 -79.6 84.1 
 
59.7 4.8 48.0 3302 14.4 
 
3.42 15.7 21.1 -5.4 7.2 22.9 
157 1 5381 33.2 -8.4 76.3 
 
68.1 8.5 229.0 4564 31.3 
 
5.58 24.1 25.1 14.1 37.4 9.1 
164 0 8208 -87.7 -64.7 75.8 
 
72.7 6.4 123.5 6954 34.8 
 
4.93 36.1 41.1 29.4 14.8 14.9 
164 1 6693 82.2 -15.7 67.0   88.7 7.9 308.7 7247 47.4   8.53 43.1 38.6 14.2 32.3 8.6 
Average Injured 1 5889 -3.2 -11.0 71.8 
 
75.3 8.3 287.0 5544 41.8 
 
8.1 36.3 34.8 8.2 32.5 9.2 
Std Dev Injured 1 1573 71.5 15.2 15.2 
 
22.4 1.7 159.2 1670 12.3 
 
2.2 11.6 13.9 21.9 18.5 1.1 
                   Average Uninjured 0 7135 -1.5 -67.0 83.2 
 
59.3 4.7 98.3 4893 23.2 
 
3.34 23.0 18.9 8.1 16.2 20.5 
Std Dev Uninjured 0 2364 60.4 15.3 38.2 
 
22.5 2.1 85.2 2753 8.3 
 
1.1 9.0 12.3 20.6 12.7 7.6 
                   p 
 
0.0696 0.9404 <0.0001 0.2383 
 
0.0409 <0.0001 0.0002 0.3923 <0.0001 
 
<0.0001 0.0006 0.0010 0.9885 0.0051 <0.0001 
t 
 
1.879 0.075 -11.031 1.209 
 
-2.126 -5.617 -4.359 -0.868 -5.245 
 
-8.140 -3.808 -3.620 -0.015 -3.040 6.577 
 
 
                   
 
 
 
Table 7.2 – Calculated impact force, ATD head kinematics and head kinematics relative 
to T1.  A p < 0.05 is considered significant. 
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Case Injury Upper Neck Forces 
 
Upper Neck Moments 
 
Tensile Force 
ID 0 - No x - Rwd x - Fwd y* z - Tens z - Comp Resultant 
 
x* y - Ext y - Flex z* Resultant 
 
per N body mass 
  1 - Yes [N] [N] [N] [N] [N] [N]   [Nm] [Nm] [Nm] [Nm] [Nm]   [-] 
7 0 228 -140 224 173 -3920 3921 
 
10.7 31.6 -20.8 17.4 34.3 
 
0.16 
7 1 69 -151 1062 1606 -100 1845 
 
71.9 11.0 -7.5 11.0 72.0 
 
1.71 
9 0 261 -175 164 390 -6242 6243 
 
54.5 10.7 -10.2 3.6 55.5 
 
0.40 
9 1 41 -171 1031 1103 -3010 3162 
 
51.8 11.6 -12.2 11.8 53.9 
 
1.08 
38 0 70 -568 277 144 -8029 8045 
 
15.1 45.2 -36.7 4.1 46.4 
 
0.14 
38 1 45 -583 1757 1645 -147 2205 
 
120.0 10.5 -36.0 25.4 121.3 
 
2.00 
39 0 63 -324 362 597 -4666 4682 
 
33.9 20.4 -6.6 7.5 40.1 
 
0.69 
39 1 1044 -457 1214 2040 -1035 2580 
 
97.1 76.6 -42.4 38.1 124.5 
 
1.80 
57 0 896 -228 716 340 -7608 7647 
 
47.6 143.3 -10.9 8.2 147.3 
 
0.40 
57 1 134 -291 1787 2002 -477 2109 
 
129.9 8.4 -18.7 26.0 130.6 
 
1.76 
59 0 407 22 219 626 -2099 2147 
 
16.4 27.7 -13.4 2.5 31.9 
 
0.66 
59 0 85 -18 483 303 -1243 1319 
 
28.7 2.7 -10.0 14.2 30.4 
 
0.30 
69 0 894 -39 284 657 -5464 5465 
 
13.3 77.8 -26.0 15.6 79.6 
 
0.71 
69 1 2432 -254 1236 2704 -1411 3422 
 
125.3 188.2 -35.8 15.0 226.5 
 
3.04 
71 1 223 -185 452 890 -1537 1587 
 
26.8 20.0 -3.7 27.8 36.5 
 
1.08 
71 0 472 -46 132 450 -5069 5070 
 
24.4 27.9 -16.9 5.4 35.3 
 
0.54 
77 0 670 -478 540 1363 -6965 6997 
 
28.7 46.9 -18.8 14.9 47.3 
 
1.69 
77 1 958 -165 857 3373 -1450 3573 
 
52.6 63.2 -36.3 6.0 74.0 
 
2.83 
84 0 566 -76 428 677 -5281 5291 
 
48.9 19.8 -22.8 8.4 52.7 
 
0.68 
84 1 657 -64 564 1323 -2931 3040 
 
30.8 71.5 -24.0 20.9 73.2 
 
1.07 
92 0 393 -68 521 709 -8248 8258 
 
63.2 24.3 -19.8 7.3 63.3 
 
0.78 
92 1 335 -51 1104 2831 -2586 3005 
 
46.8 19.3 -25.2 8.6 50.4 
 
2.11 
98 0 1047 -136 437 489 -6234 6247 
 
30.2 54.4 -55.2 23.1 62.2 
 
0.58 
98 1 474 -44 1207 1444 -2668 2849 
 
66.1 33.0 -20.9 6.8 72.0 
 
1.53 
113 0 100 -124 318 481 -4049 4055 
 
24.6 8.7 -12.5 5.1 24.7 
 
0.50 
113 1 167 -267 494 1190 -509 1286 
 
43.1 18.4 -16.1 20.3 49.2 
 
1.49 
118 0 427 -422 254 306 -7426 7436 
 
60.5 114.6 -26.4 8.1 127.2 
 
0.35 
118 1 1446 -366 1251 1700 -891 2371 
 
135.5 132.4 -28.0 48.3 190.4 
 
1.82 
125 0 158 -412 547 1053 -7174 7201 
 
53.2 7.6 -25.8 10.1 59.2 
 
0.87 
125 1 229 -544 1253 1408 -1050 1817 
 
45.1 27.0 -34.6 42.2 58.4 
 
1.60 
148 0 284 -76 255 301 -4207 4211 
 
19.0 10.9 -19.3 8.6 21.1 
 
0.21 
148 1 312 -162 439 589 -669 780 
 
22.8 16.4 -19.9 20.2 35.7 
 
0.61 
157 0 409 -334 282 330 -6209 6215 
 
29.3 44.2 -32.1 4.6 46.4 
 
0.38 
157 1 1041 -89 691 1799 -1239 2093 
 
40.0 75.9 -19.0 23.1 80.7 
 
2.31 
164 0 317 -88 925 523 -6010 6017 
 
60.8 127.6 -19.6 16.7 137.9 
 
0.55 
164 1 206 -158 1091 1104 -1307 1700   56.0 13.2 -20.1 22.5 60.6   1.18 
Average Injured 1 577 -235 1029 1691 -1354 2319 
 
68.3 46.9 -23.5 22.0 88.8 
 
1.7 
Std Dev Injured 1 637 165 407 728 933 782 
 
38.2 50.1 10.8 12.2 53.6 
 
0.6 
                Average Uninjured 0 408 -196 388 522 -5586 5603 
 
34.9 44.5 -21.3 9.8 60.1 
 
0.6 
Std Dev Uninjured 0 294 174 200 297 1910 1902 
 
17.6 42.0 11.4 5.6 37.5 
 
0.3 
                p 
 
0.3257 0.4950 <0.0001 <0.0001 <0.0001 <0.0001 
 
0.0032 0.8822 0.5385 0.0010 0.0765 
 
<0.0001 
t 
 
-1.005 0.690 -5.887 -6.184 -8.583 6.903 
 
-3.305 -0.149 0.621 -3.798 -1.839 
 
-6.645 
Impact Force Vector 
The striking and uninjured players had a more horizontal torso angle relative to the playing 
field (45 ± 12 deg) when compared to the struck and injured players (63 ± 15 deg).  This 
typically resulted in the top part of the striking player’s helmet striking the side or front of the 
struck and injured player’s helmet.  The zenith (or elevation) of the impact force vector in the 
struck players acted on the side or front of the headform in the horizontal plane (-11.0 ± 15.2 
deg, t=-11.031, p<0.0001), while in the striking players, the impact force vector was aligned with 
Table 7.3 – ATD upper neck forces and moments.  A p < 0.05 is considered significant. 
96 
 
 
the torso and acted vertically on the headform (-67.0 ± 15.2 deg) (Figure 7.2).  The impact force 
and impulse curves for each of the struck and striking players are included in Appendix C.1. 
The magnitude of the impact force vector for the ATD representing the striking and 
uninjured players was greater (7135 ± 2364 N, t=1.879, p = 0.0696) than the ATD representing 
the struck and injured players (5889 ± 1573 N).  In a paired samples analysis, removing case 59 
in which neither player was injured, the injured player had a significantly higher impact force 
than the uninjured player with a mean difference of 1655 N (t=4.043, p=0.0009).  The impulse 
acting on the headform was also 18 Ns greater in the striking players (t=2.428, p=0.0274) in a 
paired samples analysis.  This equates to approximately a 20% higher impact force and impulse 
in the striking players when compared to the struck players.   
The calculation of the magnitude of impact force involves the assumption that the helmet 
mass (1.85 kg) and the headform mass (4.54 kg) remain coupled during the impact to give the 
Figure 7.2 – Average impact force and impulse force representing the striking (uninjured) player and 
the ATD representing the injured player.  The data is aligned at the peak calculated impact force. 
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total headform mass (6.39 kg).  The helmet mass makes up 29% of the total headform and 
helmet mass.  This is a source of uncertainty in the calculation of impact force.  The high speed 
video illustrates that the impact to the side of the headform results in movement of the helmet on 
the headform and a decoupling of the helmet and headform mass in the struck players.  The 
striking players’ helmets, which involved an impact with the crown of the helmets, engaged the 
padding, and the relative movement of the helmet on the headform was not as great.  This is a 
possible explanation for the difference in impact force magnitude in the striking and struck 
players. 
Headform Kinematic Responses 
The head kinematics and head relative to T1 kinematics are illustrated in Table 7.2.  HIC15 
was higher in the struck and injured players (287 ± 159) when compared to the striking and 
uninjured players (98 ± 85) (t = -4.359, p = 0.0002).  The higher headform accelerations resulted 
in greater changes in translational velocity (t = -8.140, p < 0.0001) and rotational velocity for the 
struck and injured players relative to the striking and uninjured players (t = -3.808, p = 0.0006).  
Although both of the translational and rotational changes in velocity were significantly different 
between the uninjured and injured players, the translational ΔV for this data set had a specificity 
and a sensitivity = 1.0 (Figure 7.3).  Most of these impacts were from the crown of the striking 
players’ helmets impacting the side of the struck players’ helmets.  This resulted in the struck 
players’ heads undergoing significantly more rotation about the x-axis (t = -3.620, p = 0.001) 
(i.e., lateral bending in the coronal plane) and z-axis (t=-3.040, p=0.0051) (i.e., twist in the 
transverse plane).  
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Upper Neck Forces and Moments 
The upper neck forces and moments were significantly different between the striking and 
uninjured players and the struck and injured players.  As a result of the torso alignment with the 
crown of the helmet, the striking players’ necks underwent high compressive neck loading 
(t = -8.583, p<0.0001), transmitting most of the impact force (78 ± 12%) through the neck and 
into the torso.  The average compressive force in the neck of the striking players was 5586 ± 
1910 N.  The struck and injured players underwent neck tension forces of 1691 ± 728 N that 
were significantly higher than the striking players’ neck tension (t = -6.184, p<0.0001).  The 
neck tension in the struck and injured players were 1.7 ± 0.6 times the players’ estimated body 
weight and was significantly higher than in the uninjured striking players (0.6 ± 0.3, t = 6.645, p 
< 0.0001).  The neck tension in the struck players was coupled with higher upper neck moments 
in the x-axis (t = -3.305, p = 0.0032) and z-axis (t = -3.798, p = 0.001).  The significantly higher 
neck moments mirror the results found in the head rotation relative to T1, as discussed 
previously.  A representative case (Case 38) is presented in Figure 7.4 which illustrates the 
temporal relationship between the upper neck forces and the rotation of the head relative to T1.  
Figure 7.3 – Headform ΔV relative to T1 and headform Δω 
relative to T1 for the uninjured and injured players. 
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The upper neck force and moment curves as well as head kinematics relative to T1 are for all 
cases are included in Appendix C.2. 
Striking and uninjured kinematics compared to struck and injured kinematics 
The average striking and injured player’s head kinematics and neck kinetics compared to the 
average struck and injured players are illustrated in Figure 7.5.  Temporally, these data are 
compared relative to the peak impact force which was defined at 15 ms.  The striking player’s 
peak head acceleration and the chest acceleration occurred at 14 ± 0.6 ms and 16 ± 0.5 ms, 
respectively.  The peak neck compression force occurred at 17 ± 0.6 ms. The chest accelerations 
were greater in the striking players (29.1 ± 10.2 g) than in the struck players (17.6 ± 6.9 g) (t = 
Figure 7.4 – Upper neck force and head rotation relative to T1 for a 
representative case of a struck an injured player (Case 38). A – Maximum 
impact force, B –Maximum neck tension, C – Maximum delta-V. 
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3.844, p = 0.0006).  These peak accelerations and compressive neck forces are very close in 
timing to the peak impact force and confirm that the striking player’s torso mass is aligned with 
the impact force vector, resulting in the impact force being transmitted through the neck to the 
torso.  The ΔVHead-T1 in the striking players occurred at 32 ± 10.4 ms (or 17 ms after the peak 
impact force). 
The struck and injured players had peak translational head accelerations at 15 ± 1.2 ms (or in 
line with the peak impact force) and their peak translational chest accelerations occurred at 24 
± 4.7 ms.  The peak neck tension forces in these injured players also occurred at 24 ± 4.7 ms, and 
Figure 7.5 – Head kinematics and neck kinetics for the striking and struck player compared temporally 
with the peak impact force. 
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peak changes in rotational velocity occurred at 25 ± 2.7 ms.  The headform ΔVHead-T1 occurred 
later at 37 ± 7.5 ms, and the head continued to rotate relative to T1 until after 50 ms.  These data 
indicate the head is first accelerated in the struck and injured player, and its movement pulls the 
torso with it.  This generates tension in the neck, and the head continues to rotate relative to T1 
for approximately 35 ms or greater after the peak impact force and peak head acceleration has 
occurred.  
Effective Head Mass 
The effective head mass for each of the striking and struck players was computed using the 
impulse-momentum relationship.  The average effective mass of the struck players was 9.2 ± 1.1 
kg compared to the average effective mass of the striking and uninjured players of 21.6 ± 7.0 kg 
(t=7.293, p<0.0001).  In this calculation Case 59 was removed since neither player was injured.  
Therefore, these average values are slightly different than Table 7.2.  This higher effective mass 
is the result of the striking player’s torso mass being aligned with the impact force vector.  This 
results in a significantly lower headform ΔVHead in the striking and uninjured players than the 
struck and injured players.  The total headform mass of the struck player was measured to be 
6.39 kg and the average zenith of the struck player was -11 deg (or 11 degrees downward).  This 
indicates that only a small amount of the struck and injured player’s torso mass was involved in 
the impact.   
Comparison to Original Data Set  
There were several differences in the laboratory setup between this current study and the 
original data set.  Specifically, the original data set had only a head and neck along with a 7.4 kg 
carriage that were moving.  The impact occurred with the head and neck constrained to the 
carriage that was riding on a set of rails and with the stationary ATD suspended on a set of 
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cables.  Therefore, it was not the intent to reproduce the original data set; however, it is 
interesting to see what differences there are between this new data set and the original one.  The 
comparison of several parameters is illustrated in Table 7.4. 
 
    Injured 
 
Uninjured 
    Original 
 
New 
 
z-test 
 
Original 
 
New 
 
z-test 
Variable Units mean std. dev n 
 
mean std. dev n 
 
z p 
 
mean std. dev n 
 
mean std. dev n 
 
z p 
Head Acc
R
 [g] 94 28 25 
 
75 22 17 
 
2.401 0.016 
 
56 22 27 
 
59 22 19 
 
-0.500 0.618 
Head ΔV
R
 [m/s] 7.2 1.8 25 
 
8.3 1.7 17 
 
-1.971 0.048 
 
4.1 1.2 27 
 
4.7 2.1 19 
 
-1.146 0.254 
Head α
R
 [rad/s
2
] 6432 1813 25 
 
5544 1670 17 
 
1.633 0.104 
 
3983 1402 27 
 
4893 2753 19 
 
-1.325 0.186 
Head Δω
R
 [rad/s] 34.8 15.2 25 
 
41.8 12.3 17 
 
-1.642 0.102 
 
26.1 10 27 
 
23.2 8.3 19 
 
1.073 0.284 
HIC
15
 [-] 381 197 25 
 
287 159 17 
 
1.704 0.090 
 
117 101 27 
 
98 85 19 
 
0.679 0.502 
Upper Neck Fz [N] 1704 432 5 
 
1691 728 17 
 
0.049 0.968 
 
-4221 1885 27 
 
-5586 1910 19 
 
2.401 0.016 
Peak Impact Force [N] - - - 
 
- - - 
 
- - 
 
7191 2352 27 
 
7135 2364 19 
 
0.079 0.944 
The peak impact force as calculated of the striking, uninjured player in the new data set 
(7135 ± 2364 N) and the original data set (7191± 2352 N) were essentially the same (z = 0.079, 
p = 0.944).  There were significant differences in the struck and injured player ATDs’ responses 
when compared to the original data set.  The resultant head acceleration was 75 ± 22 g (new) 
compared to 94 ± 28 g (original) (z = 2.401, p = 0.016), and the HIC15 was also lower (z = 1.704, 
p = 0.090).  The new data set also had significantly higher head ΔV (z = -1.971, p = 0.048) and 
higher head rotational velocity (z = -1.640, p = 0.102).  The HIC15, head rotational velocity, and 
rotational acceleration were not significantly different.  The upper neck tension in this data 
set (n =17, 1691 ± 728 N) was similar to the limited data available from the original data set 
(n = 5, 1704 ± 432 N) (z = 0.049, p = 0.968). 
Table 7.4 – Comparison of the ATD kinematic data to the original dataset [1].  A p < 0.05 is 
considered significant. 
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The differences in head kinematics 
in the struck and injured players appear 
to be related to the differences in the 
duration of the head acceleration in this 
new data set compared to the original 
data set (Figure 7.6).  The duration of 
the head acceleration was approximately 
19 ms in this new data set compared to 
15 ms in the original data set.  This 
equates to an increase in time of 
approximately 27%.  The head translational and rotational accelerations in this new data set were 
20% and 14% lower than the original data set.  The peak impact force differed by less than 1% 
between the two data sets (original = 7191 +/- 2352, new = 7135 +/- 2364).  The use of the peak 
impact force and the peak head acceleration is an alternate method to estimate the effective mass 
of the headform.  The effective mass of the headform in the new data set was 9.7 kg (7135 N / 75 
g) and 7.8 kg (7191 / 94 g) in the original data set, using this method of calculation.  The 
effective head mass is greater in this new data set than in the original data set by approximately 
25%.  This could be due to the higher mass of the head and torso on the struck player used in the 
new data set (57 ± 12 kg) compared to only the mass of carriage (7.1 kg) [2] and head and neck 
used in the original data set.  This higher effective head mass could explain the lower headform 
translational accelerations in the struck player for this new data set.  This is also consistent with 
the neck compression forces in this new data set (5586 ± 1910 N) being higher than the neck 
compression forces in the original data set (4221 ± 1885 N). 
Figure 7.6 – Comparison of head resultant 
translational acceleration from the struck players in 
the original dataset [1] to this study.  The data in this 
graph was re-zeroed to correspond to the original 
dataset so the timing in the graph appears different 
than previous graphs in this study. 
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DISCUSSION 
Eighteen of the original 31 laboratory reconstructions [43] from the helmet-to-helmet hits 
resulting in concussion in the NFL have been re-created in this study to generate a new data set 
related to these impacts using new laboratory methods.  The laboratory methods presented herein 
are an improvement on the original data set since they more closely represent the pre-impact 
closing momentum of these players.  This new data set also includes additional information 
related to the upper neck forces and moments on each of the ATDs representing the striking and 
struck players.  These data indicate that the striking and uninjured players in this data set 
delivered a tackle by orientating their torsos more horizontally than the struck players.  This 
orientation resulted in the crown of the striking player’s helmet impacting the side of the struck 
player’s helmet with the mass of the striking player’s torso aligned with the impact.  The striking 
player’s torso alignment with the head resulted in a higher effective mass of the striking player’s 
head when compared to the struck player.  The impact to the side of the struck player’s helmet 
caused the struck player’s head to accelerate prior to the torso, first resulting in higher tension in 
the struck player’s upper neck, and later, in higher neck moments and rotation of the head 
relative to the torso in the coronal (x-axis) and transverse planes (z-axis).  These measurements, 
as well as the change in velocity of the head relative to the torso, were all significantly higher in 
the injured players than in the uninjured players.  The higher change in velocity of the injured 
player (8.12 ± 2.19 m/s) and the larger relative movement of the head to the torso are consistent 
with the animal experiments of Denny-Brown and Russell [31].  Denny-Brown and Russell [31] 
found that a change in velocity of approximately 8.7 m/s was required, over a very short period 
of time, to repeatedly produce concussion in the cats and primates that they studied.  They also 
found that head movement relative to the torso was required for concussion to occur. 
105 
 
 
Head movement relative to the torso results in tension occurring in the cervical spine.  This 
tension can be generated either by the head rotating (flexion, twist, or lateral bending) relative to 
the torso or the head being accelerated and pulling the torso mass along with it.  The injured 
players in this study had both of these mechanisms occur.  Chancey et al. [106] used a 
musculoskeletal finite element model and predicted the tolerance limits of 3100 N and 3700 N 
for the relaxed and tensed neck, respectively, indicating that failure is expected in the upper 
cervical spine (Atlanto-occipital – C2) due to the larger muscular volume in the lower cervical 
spine.  It has been shown that the upper cervical spine is the least stiff, the highest strains occur 
in this region when a tensile load is applied to the head [13, 41, 42], and that stiffness reduces 
with repeated application of tensile load [13].  In the human cadaver, average failure loads from 
quasi-static tensile testing are approximately 3100 N [92, 113], with most cadaveric subjects 
having injuries in the upper cervical spine.  The neck tensions in these concussed NFL players 
are less than the neck tensions resulting in failure of the cervical spine in musculoskeletal 
cadaveric studies when only a tensile load is applied to the head (Figure 7.7). 
  
Figure 7.7 – Comparison of the neck tensile forces in this dataset to neck tensions reported in human 
volunteers, cadaveric studies and other biomechanical studies. 
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In human volunteer studies, Mertz and Patrick [97] have reported on the highest static tensile 
loads when applied in pure tension of 1112 N and also tensile loads combined with forward 
flexion [98].  Thunnissen et al. [99] published corridors of dynamic neck tensile loading to 
human volunteers exposed to severe frontal sled testing.  These volunteers sustained neck tensile 
loads of 733 N combined with forward flexion of the head.  Viano et al. [111] studied ATD 
responses to Olympic boxers’ punches.  The uppercut resulted in resultant upper neck loads of 
1486 ± 910 N which would be primarily neck tension.  The uppercut punch is an effective 
knockout punch in boxing despite these punches resulting in low HIC15 (17 ± 19), low 
translational accelerations (24.1 ± 12.5 g), and low rotational velocities (17.5 ± 5.0 rad/s).  
Therefore, these kinematic parameters do not provide an explanation for injury in this condition.  
The neck tensions in these concussed NFL players are greater than the neck tensions found in 
human volunteer testing and in the range of the uppercut punch delivered by Olympic boxers.  In 
addition to the high neck tensile loads, the struck players’ heads underwent rotation relative to 
their torsos.  The combination of these loads could result in high strains in the upper cervical 
spine and brain stem [28].  This is consistent with the tensile mechanism of injury discussed by 
Friede [10, 11] and others [12, 21, 22, 29, 31, 32, 33] who have discussed strains in the upper 
cervical spine and brain stem related to injury.  The location of injury provides a possible 
explanation for many of the signs and symptoms of concussion in professional athletes (Chapter 1) 
and an explanation of posturing found in athletes immediately after the injury [6]. 
In contrast to the struck and injured players, the striking and uninjured players underwent 
peak neck compression forces which are due to the striking players aligning their heads with 
their bodies prior to delivering the tackle.  Viano and Parenteau [112] have analyzed various 
drop and pendulum impacts to the crown of cadaver heads.  Impacts to the crown of the head 
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typically result in bony injury to the spine due to compressive forces being transferred through 
the skull and spine and do not primarily result in brain stem injury.  When tensile forces, which 
could include rotation of the head relative to the torso, are applied to the human head, the load is 
distributed through the soft tissues, such as, ligaments, muscles, brain stem, and spinal cord, 
making these tissues susceptible to injury; whereas, in a compressive loading, the load is 
distributed through the body’s bony structure. 
The tensile loading at the upper cervical spine and rotation of the head relative to the body 
each would result in tensile strain along the axis of the upper cervical spine that can be 
transferred to the brain stem [28].  Neck tensile forces and rotation of the head relative to the 
torso were significantly higher in the ATD representing the struck and injured players in this 
study.  The headform translational and rotational changes in velocity relative to T1 were also 
significantly higher in these players.  The combination of these suggest that some combination of 
strain and strain rate [102, 113, 114] or, alternatively, power [115, 116] in the upper cervical 
spine, may be an important predictor of concussion.  King et al. [117] have shown that the 
product of strain and strain rate was the best predictor of concussion using a finite element model 
to simulate head response to American football impacts.  The injury relationship of neck tensile 
loading and rotation of the head relative to the torso is significant since it has been previously 
found that the added mass of the helmet can result in an increase in tensile forces and rotation of 
the head relative to the torso [82, 86, Chapter 6].  This indicates that the increasing mass of 
football helmets could have a negative effect on injury, particularly in athletes with lower neck 
strength [45].   
There are several limitations of this study.  This study was performed using the Hybrid III 
ATD in a laboratory test environment.  There may be some question regarding the biofidelity of 
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the Hybrid III ATD in these combined loading conditions; however, it is currently the best 
available method for reconstructing these on-field collisions in the laboratory.  It provides critical 
information in assessing the injury trends in injurious and non-injurious collisions.  The Hybrid 
III is not human; therefore, tissue level strains could not be directly assessed.  The data acquired 
could now be used in conjunction with FE modelling to estimate tissue level responses more 
accurately then previous data since this new data set also includes torso motion.  Additionally, 
the design of the Hybrid III has a neck simulating some muscle tensing, but there is no active 
musculature in any of the current ATDs.  These effects could also be studied using a biofidelic 
human finite element model. 
The study is also limited since only eighteen cases were reconstructed and each of these 
cases simulated a direct helmet-to-helmet impact.  The head and neck responses presented in this 
study would be representative of these types of impacts.  Impacts to the ground or body of 
opponents should also be studied to assess biomechanical impact responses in these conditions.  
The laboratory reconstruction of these collisions is also limited in that the verification of the 
reconstruction was based upon a visual comparison of game video to the laboratory 
reconstruction using a similar camera view.  The optimal method of comparison would involve a 
more detailed analysis of the game film to track the three dimensional helmet kinematics pre and 
post impact.  This data could then be compared more accurately with the ATD response in the 
laboratory impacts.  The present study used the impact orientation and location had also been 
previously analyzed and published by Pellman et al. [43].  The present study was conducted to 
provide an improvement on the laboratory methods used to reconstruct these collisions by more 
closely matching the pre-impact momentum of the players and allowing for uninterrupted post-
impact motion.   
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Chapter 8 – STRAIN AND STRAIN RATE IN THE BRAIN STEM AND CERVICAL 
SPINE OR POWER AT THE ATLANTO-OCCIPITAL JOINT AS BIOMECHANICAL 
PREDICTORS OF CONCUSSION 
INTRODUCTION 
There are important data supporting the forces and deformation at the atlanto-occipital joint 
and brain stem causing concussion [10, 11, 13, 21, 22, 29, 31, 32, 33].  Common signs of 
concussion and most symptoms of concussion could correlate to injury of the spinal cord, brain 
stem, and/or midbrain [3, 12, Chapter 1].  McCrory et al. [6] have also discussed posturing of 
unconscious athletes and indicated potential brain stem involvement.  The role of neck tension 
and strain in the brain stem could be an important predictor of concussion.   
Breig [28] analyzed the biomechanics of the central nervous system on 183 human cadavers.  
He reported, flexion and lateral rotation resulted in elongation of the spinal canal and spinal cord 
and that tension generated in the spinal cord could be transmitted from the spinal cord to the 
brain stem, cerebellum, and cranial nerves (V – XII), resulting in tension of these brain tissues.  
Neck extension resulted in an overall shortening of the spinal canal and cord and a thickening of 
the spinal cord.  Ji et al. [118] and Ji and Margulies [119] reported on caudal displacement of the 
brain stem and pons when volunteers underwent flexion in an MRI study.  This indicates strains 
occur in this area.  Others have imaged the human [34, 35, 91, 103, 104] and primate [36] head 
and neck and found elongation of the cervical spinal canal and cord in flexion and shortening in 
extension.  Human volunteers’ cervical spine kinematics while undergoing axial rotation [37, 38, 
120] and lateral rotation [39] have also been documented using imaging; however the research 
lacks discussion on the lengthening of the cervical spinal canal under these head motions, and 
change in length of the spinal cord is only discussed in sagittal plane motion [35, 103, 104].   
Friede [10, 11] studied the mechanics of concussion by evaluating the symptoms and 
neuropathology in the upper spinal cord and brain stem of cats as a result of impacts and drop 
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tests with the head supported.  The latter were non-impact tests and resulted in cervical spine 
stretching.  Each of these loading conditions resulted in the same symptoms: loss of 
consciousness, drowsiness, sluggishness, and poor coordination.  Temporary physiological 
changes included bradycardia, tachycardia, respiratory failure, and loss of corneal reflex.  The 
loss of corneal reflex lasted less than four minutes in all cats, with most being less than one 
minute.  Both conditions also resulted in, first, a lesion at the level of C1-C2 in the spinal cord in 
which the thick fibers underwent Wallerian degeneration.  Second, there was a subsequent 
axonal reaction, resulting in chromatolytic cells concentrated in the reticular formation and 
lateral vestibular nucleus of the brain stem.  The more severe injuries also resulted in 
chromatolytic cells in the red nucleus.  The lesion at the level of C1 occurred, but chromatolytic 
cells in the brain stem did not, in the subjects that expired as a direct result of the testing.  Friede 
[11] concluded that craniocervical stretch is the most important factor for the mechanics of 
concussion.  
Antona‐Makoshi et al. [121] studied a head and cervical spine finite element model of the 
monkey by reproducing experimental test data of Ono et al. [48] and found maximum principal 
strains in the brain stem to be a significant predictor of concussion.  Giordano and Kleiven [46] 
studied axonal strain in the brain by conducting finite element modelling using a head and 
cervical spine model based upon the NFL reconstructions [43].  They found strain in the axonal 
direction is a better predictor of injury than maximum principal strains and that axonal strain in 
the brain stem was the best predictor of injury.  The simulations did not incorporate a biofidelic 
cervical spine model.   
Laboratory testing was conducted to recreate injurious and non-injurious collisions in 
American football (Chapter 7).  Briefly, these data indicated that injured players’ heads 
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underwent higher lateral (coronal plane or x-axis) rotation (t=-3.620, p=0.001) and axial rotation 
(z-axis) (t=-3.040, p=0.0051) relative to the torso and higher neck tensile forces (t=-6.184, 
p<0.0001) than uninjured players.  The injured players also had significantly higher head 
changes in velocity relative to the body (ΔVHead-T1, t=-8.140, p<0.0001)( ΔωHead-T1, t=-3.808, 
p=0.0006) than those of uninjured players.  The reconstructed collisions were primarily impacts 
to the side of the head and, therefore, did not result in flexion of the head in the injured players.  
This may be an explanation why no significant differences were found with flexion.  
The aim of this chapter is to understand 1) The change in length of the cervical spinal canal 
as a result of movement of the head relative to the body, 2) The potential strain and strain rates 
along the axis of the spinal cord and brain stem during these movements, and 3) The strain and 
strain rates in the spinal cord and brain stem as well as power at the atlanto-occipital junction as 
a biomechanical predictor of concussion in injured and uninjured NFL players. 
MATERIALS AND METHODS 
Change in length of the cervical spinal canal 
Data available in previously published in-vivo imaging studies 
A literature review was conducted to locate in-vivo data on segmental vertebral body motion 
of the cervical spine.  Emphasis was placed on finding studies which included both translational 
and rotational motion of individual vertebrae such that they could be reconstructed in CAD 
software.  There was one study located for each of flexion (+Ry) and extension (-Ry) [91], lateral 
bending (Rx) [39], and axial rotation (Rz) [37, 38] which included sufficient information to fully 
reconstruct the cervical spine motion.  The study by Dvorak et al. [91] was conducted with 
combined flexion and extension; therefore, an approximation was made that half of the cervical 
spine (C1-C7) range of motion is flexion and half is extension [35, 53].  In a tensile loading 
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condition, cadaveric testing was utilized.  The axial tensile testing on cadavers resulted in 
average neck stiffness of approximately 1700 N/cm [92, 93, 105, 122] with a total displacement 
at failure of approximately 2 cm.  Yliniemi et al. [93] reported the total strain of the cervical 
spine of 16.7% at failure. This compared closely to the radiographic study conducted on primates 
by Kroeker and Ching [41] who found an average 16% vertebral column strain at failure.  This 
was an average strain along the length of the cervical spine and these studies both indicated that 
higher strains occurred in the upper cervical spine.  Kroeker and Ching [41] had measured 
individual vertebral body motion using radiographic markers.  This study was used to estimate 
segmental motion of the vertebral bodies in the human.   
The geometrical data from the head and neck model of the GHB model were used in this 
study [123].  The geometry from each of the cervical vertebrae was exported from the GHB 
model in neutral posture.  The data was imported into Polyworks IMInspect (InnovMetric, 
Quebec, Canada) and points were defined on the anterior, left, right, and posterior aspects of the 
spinal canal on each vertebral body (Figure 8.1).  Linear measurements were taken in the neutral 
posture.  The translations and rotations from the in-vivo data was then applied to each of the 
vertebral bodies in the computer model and the measurements were recorded between these same 
data points.  The change in length of the spinal canal (ΔL) between each of the individual 
vertebral bodies was computed for the full cervical range of motion from the volunteer studies.  
In the tensile loading condition, the full range of motion was defined as the displacement at 
failure in the cadaveric studies.  Changes in length were computed at each of the anterior, 
posterior, and lateral locations of the spinal canal.  The change in length used in this study is the 
average change in length in the spinal canal from C1-C5.  An increase in length corresponds to a 
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positive number while a decrease in length is negative.  The strain in the spinal canal was 
estimated using equation 1.   
 
∆𝐿𝐶−𝑠𝑝𝑖𝑛𝑒 = 𝑙𝑛 (
𝐿𝐶𝑠𝑝𝑖𝑛𝑒−𝑓𝑖𝑛𝑎𝑙
𝐿𝐶𝑠𝑝𝑖𝑛𝑒−𝑖𝑛𝑖𝑡𝑖𝑎𝑙
) 𝑥 100 [%] ……  [1] 
The change in length per unit of head rotation (% per degree of rotation) or translation (% per 
Newton of force) was calculated so that these data could be used to estimate strain in the spinal 
canal as a result of head movements.   
Finite element model simulations 
The head and neck were segmented from the whole GHB model at the first thoracic vertebral 
body along with all relevant musculature and ligaments.  Validation of the head and neck was 
previously completed using cadaveric and volunteer experimental data.  A detailed description of 
the development and validation of these individual head and neck models has been presented 
elsewhere [89, 90].   
Figure 8.1 - Coordinate system setup for in-vivo studies and sample of 
measurement points in the spinal canal. 
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The LS-Dyna Software (Livermore Software Technology Corporation, Livermore, CA) was 
used to run the simulations.  The scalp, skull, and each vertebrae were converted to rigid bodies.  
The nodes at the base of the model (base of C7 vertebral body) were fully constrained.  Loading 
was applied as a constant force (tension, flexion, extension, and lateral bending) or torque (axial 
rotation) using the load node command in LS-Dyna (Figure 8.2).  The loads were applied 
independently of one another to the same node, which was located on the top of the scalp and 
above the occipital condyles, and simulations were conducted for a duration of 30 milliseconds.  
This was not sufficient time for the dynamic simulation to result in full range of motion of the 
head and cervical spine; however, the rates of displacement were similar to those reported in 
helmet-to-helmet hits in the NFL [43].  Three separate tensile loading simulations were 
performed.  The tensile load curve was developed based upon the upper neck tension in Viano et 
al. [44] (Case 38) and the curve was scaled to have peak neck tensions of 500, 1500, and 2500 N 
occurring at 20 milliseconds.   
Figure 8.2- Location of loading applied to FE model 
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The kinematics of the vertebrae and skull were output.  The change in length of the cervical 
spinal canal was measured using points defined on the anterior, left, right, and posterior sides of 
the spinal canal and a strain per unit of head movement (% / N or % / deg) was estimated.  This 
was done similar to the analysis based upon in-vivo data so that the data could be compared. 
Estimate of strain and strain rate in the CNS in injured compared to uninjured American 
football players 
Lau and Viano [113] and Viano and Lau [114] have discussed the importance of 
considering both the displacement and velocity of displacement when assessing soft-tissue 
damage and introduced the Viscous Criterion (VC).  This criterion considers that at low 
velocities a tissue can elongate to a greater degree without injury than when subjected to high 
rates of displacement.  This is consistent with the findings of Galbraith et al. [124] who subjected 
squid giant axons to tensile loading at different rates and found that, for a given elongation, 
axons that elongated at higher rates sustained more severe, non-reversible damage.   
Motion of the head relative to the body can result in strain in the central nervous system 
(CNS) [28, 107]. The pathways in the brain stem and upper spinal cord travel predominantly 
superior-inferior along the brain stem and spinal cord axis [52].  Therefore, the change in length 
of the CNS in this region is expected to be representative of axonal strain in the brain stem and 
spinal cord.  The GHB model was not used to directly assess tissue level strains in the CNS 
because the version used in this study did not incorporate a biofidelic model of the spinal cord, it 
did not predict axonal strain and there was no specific validation of the spinal cord and brain 
stem reported in the literature.   
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Previous studies [41, 93] discuss a coupling 
ratio of 0.49 to 0.75 to estimate strain in the 
CNS compared to spinal canal elongation.  
The study by Kroeker and Ching [41] based 
this coupling ratio upon tensile loading 
applied to primate heads with the primate head 
in extension.  Extension of the cervical spine 
reduces the length of the cervical spinal canal 
and can induce slack into the spinal cord.  
Therefore, it is expected that head extension would result in a lower than actual coupling ratio in 
the study by Kroeker and Ching [41].  Yuan et al. [35] and Smith [36] reported caudal 
(downward) displacement of the spinal cord, relative to the vertebrae, above the C4-C5 vertebrae 
and rostral (upward) displacement below C4-C5 (Figure 8.3).  In the human, the average length 
from the posterior commissure to the obex is 49 mm [52] and from the obex to C5 vertebrae is 
approximately 95 mm (from GHBMC model).  Based upon these dimensions, a coupling ratio of 
0.65 was used to estimate the axonal strain in the cervical spinal cord and brain stem.  This 
coupling ratio was applied to the change in length of the cervical spine from OC-C5 to provide 
an estimate of strain in the CNS as illustrated in equation 2. 
𝜀𝐶𝑁𝑆 = 0.65 𝑥 ∆𝐿𝐶−𝑠𝑝𝑖𝑛𝑒 [%] ……  [22] 
Using this method, strain in the CNS was calculated along the individual ranges of motion to 
characterize the effects of neck tension (𝜀Tz), lateral rotation (𝜀Rx), flexion (+) or extension (-) 
(𝜀Ry) and axial rotation (𝜀Rz) of the head relative to T1.  These components were calculated by 
multiplying the change in length of the cervical spinal canal (OC-C5) by a factor of 0.65.  Based 
Figure 8.3 - Relationship of the change in 
length of the cervical spine to strain in the 
CNS 
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upon the principle of superposition, the time-varying sum of the individual strains was then 
calculated to calculate the total strain (𝜀Tot).  Strain rate (
𝑑𝜀𝑇𝑜𝑡
𝑑𝑡
) was calculated by first filtering 
the total strain with a CFC 60 filter followed by differentiation.  The t ime varying product 
of 𝜀Tot 
𝑑𝜀𝑇𝑜𝑡
𝑑𝑡
 (strain x strain rate) was calculated for the total strain since this has been shown to 
be a good predictor of axonal injury [50, 117, 125]. 
Power at the atlanto-occipital joint as a biomechanical predictor of concussion 
DiLorenzo [115] has recommended the use of a power to predict bodily injury.  Newman 
et al. [116], in their development of Head Impact Power (HIP), have illustrated the relationship 
between power and the Viscous Criteria (VC) [125] when applied to an elemental mass of brain 
matter.  In a rodent head model, Li et al. [126] have utilized an alternative method of calculating 
power and illustrated that power could be an important predictor of traumatic axonal injury.   
The HIP proposed by Newman et al. [116] utilized the mass and inertia of the headform 
only to calculate the HIP but in the impacts a helmet was actually worn.  In helmeted impacts, 
the mass of the helmet can increase the effective mass of the head by approximately 50% 
(Chapters 4 and 6).  Therefore, it seems important to include the mass and inertia of the helmet in 
these helmeted impacts.  It is difficult to know how the helmet is coupled to the head during the 
impact due to the helmets’ movement relative to the headform.  This movement may vary, 
depending on the impact location or orientation on the headform.  Li et al. [126] removed the 
mass term from the power equation because it was considered to be a constant in their analysis of 
un-helmeted head impacts using a modified Marmarou model.  The method of calculating power 
utilized by Li et al. [126] is proportional to the Wayne State Tolerance Curve (WSTC) and Gadd 
Severity Index (GSI) [116] but does not consider headform and helmet mass effects, nor does it 
consider the rotational component of power.   
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In the Hybrid III ATD the upper neck power could be calculated directly using the forces 
measured at the atlanto-occipital joint.  In the present study, upper neck power was calculated 
using two separate methods.  The method utilized in equation 3 is a generalized approach that 
does not consider the time varying effects, similar to the approach by Li et al. [126].  Equation 4 
is the time-varying sum of power.  The effects of neck elongation have also been incorporated in 
equation 4 and the components of power that result in elongation of the cervical spine are 
assigned a positive value while those that result in shortening of the cervical spinal canal result in 
negative value.  The ΔV used in these calculations are ΔVHead-T1. 
Power =  
m∆Vx
2+m∆Vy
2+m∆Vz
2
∆t∆𝑉
+  
Ixx∆ωx
2+Iyy∆ωy
2+Izz∆ωz
2
∆t∆𝜔
     [kW] ….. [3]  
Power = ∑ Fx|∆Vx| + |Fy||∆Vy| + Fz|∆Vz| + |Mx||∆ωx| + My|∆ωy| + |Mz||∆ωz|
n
t=0
    [kW] … . . [4] 
Statistical Analysis 
The differences between the injured and uninjured players were assessed using a two-tailed, 
student-t test, assuming unequal variances.  A p < 0.05 was considered significant.  The t-tests 
were conducted using IBM SPSS version 24.  Binary logistic regression is a method of analysis 
used to assess injury probability with one dichotomous variable (not injured (0) and injured (1)).  
A binary logistic regression analysis was conducted to assess the injury predictors of total strain 
(𝜀Tot), strain rate (
𝑑𝜀𝑇𝑜𝑡
𝑑𝑡
), the time varying product of 𝜀Tot 
𝑑𝜀𝑇𝑜𝑡
𝑑𝑡
 and upper neck power.  Logistic 
regression analysis was also completed for several global head injury predictor’s (ΔVHead-T1, 
ΔωHead-T1, AccR, HIC15 and upper neck tension) to compare the strength of these global injury 
predictors to injury predictors related to the spinal cord and brain stem strain.  The -2Log 
Likelihood ratio (-2LLR), Chi-squared and fraction of impacts predicted correctly at a 50% 
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probability of injury were calculated to determine whether there was a statistically significant 
relationship between injury outcome and the predictor variable. 
RESULTS 
Change in length of the cervical spinal canal 
The in-vivo data indicates the cervical spinal canal elongates in lateral bending, axial 
rotation, flexion, and tension (Table 8.1).  The elongation of the spinal canal in tension (18.2%) 
is the greatest in comparison to other head motions; however, this represents elongation at failure 
in comparison to the others which represent elongation at the range of motion of the volunteers.  
Flexion resulted in an elongation of the posterior of the spinal canal of 14.1%, axial rotation 
resulted in elongation of 8.9%, and lateral rotation resulted in an elongation of 4.9% on the 
contralateral side of rotation.  The spinal canal elongation values were measured from C1 to C5 
based upon previous research [35, 36] reporting caudal movement of the spinal cord relative to 
the spinal canal above C4-C5.  This indicates there is potential for strain in the CNS.  In tension, 
the segmental elongation is greatest at the C1-C2 segment in comparison to C2-C5.  The 
segmental elongation in axial rotation is also the greatest at the C1-C3 segment and the 
remainder of the cervical spine (C3-C5) had shortened.  Extension resulted in a shortening of the 
anterior of the spinal canal of 2.4% from C1-C5. 
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  Lateral rotation Flexion Extension Axial rotation Tension 
0.65 FE Model In-Vivo FE Model In-Vivo FE Model In-Vivo FE Model In-Vivo FE Model In-Vivo 
  ΔL/head rot ΔL/head rot ΔL/head rot ΔL/head rot ΔL/head rot ΔL/head rot ΔL/head rot ΔL/head rot ΔL/Newton ΔL/Newton 
  [%/deg] [%/deg] [%/deg] [%/deg] [%/deg] [%/deg] [%/deg] [%/deg] [% / N] [% / N] 
Average of C1-C5 0.21 0.18 0.33 0.21 0.03 -0.04 0.03 0.16 0.0048 0.0059 
C1-C2 0.19 -0.03 0.50 0.13 0.11 -0.15 -0.04 0.42 0.0061 0.0072 
C2-C3 0.23 0.41 0.25 0.18 -0.01 0.02 0.07 0.50 0.0043 0.0054 
C3-C4 0.24 0.16 0.30 0.26 -0.04 -0.01 0.03 -0.07 0.0046 0.0053 
C4-C5 0.18 0.17 0.29 0.28 0.06 -0.02 0.05 -0.22 0.0040 0.0057 
C5-C6 0.14 0.19 0.28 0.46 0.07 -0.11 0.06 0.03 0.0031 0.0057 
C6-C7 0.15 0.27 0.40 0.29 0.07 -0.14 0.08 -0.09 0.0026 0.0054 
Head rot. or tensile force 
at full range of motion 
(ROM) [deg or N] 
 28.1  66.6  71.8  56.4  3100 
Change in length at full 
ROM [%]  
4.92 
 
14.12 
 
-2.84 
 
8.87 
 
18.24 
Coupling Ratio   0.65  0.65  0.65  0.65  0.65 
CNS strain (C1-C5) [%]  3.20  9.18  -1.84  5.77  11.86 
CNS strain (C1-C3) [%]  3.45  6.69  -2.84  16.87  12.65 
 
 
 
 
 
 
 
 
 
 
 
 
The in-vivo data for flexion and extension did not report the head angle [91].  This was 
accounted for by assuming the rotation at the OC-C1 was 12.6 deg in flexion and 17.75 deg in 
extension [53].  The average head movement from the volunteers in lateral bending and axial 
rotation were 28.1 deg and 56.4 deg, respectively, and 66.6 deg and 71.8 deg for flexion and 
extension.  Using these head movements, the elongation of the spinal canal per unit of head 
movement was calculated. These coefficients were calculated for subsequent comparison to the 
FE simulations and also to provide a convenient means to estimate CNS strain per unit of head 
movement. 
The FE simulations resulted in 17.7 deg, 36.7 deg, 45.5 deg, and 43.5 deg of head movement 
in lateral bending, axial rotation, flexion and extension.  Overall, the FE simulations followed the 
Table 8.1 – Change in length of the cervical spinal canal per unit of head rotation or per unit of neck 
tension.  The table also calculates the estimated CNS strain based upon a coupling ratio of 0.65. 
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same trends as the in-vivo studies (Figure 8.4), resulting in elongation of the cervical spinal canal 
(C1-C5) in lateral bending, axial rotation, flexion and tension.  The FE analysis predicted an 
elongation in the front of the spinal canal in extension when compared to the in-vivo data which 
predicted an overall shortening of the spinal canal.  There were differences in the distribution of 
spinal canal elongation between the in-vivo data and the FE data.  In axial rotation, the FE model 
predicted a smaller change in length of the spinal canal per unit of head movement and that most 
of the change in length occurred in the lower cervical spine.  The in-vivo data illustrate the 
greatest range of motion, and therefore, the greatest change in length of the spinal canal occurs at 
the C1-C2 and C2-C3 segments.  In tension, the FE model predicted a relatively even 
distribution of the change in length of the spinal canal, with the greatest change in length at C3-
C4.  The in-vivo data indicate that C1-C2 had the greatest change in length of the spinal canal.  
Flexion, extension, and lateral bending also illustrated differences between the in-vivo and FE 
simulations when comparing segmental motion. 
Figure 8.4:  Graphical comparison of the change in length of the spinal canal per unit if 
head rotation [%/deg] or per unit of neck tension [%/N].  
122 
 
 
The differences between the in-vivo study and the FE simulations suggest that the FE model 
is stiffer in the upper cervical spine than the in-vivo studies.  This is most evident in axial 
rotation and tension.  In axial rotation the FE simulations had more coupled motion between the 
vertebral bodies, particularly in the upper cervical spine.  The in-vivo data will be used to 
calculate the strain in the CNS using a coupling ratio of 0.65 due to the differences in the in-vivo 
results and the FE simulations.  The estimated strains in the CNS at the ranges of motion in the 
in-vivo studies are illustrated in Table 8.1. The methods presented in this paper resulted in a 
9.2% strain on the posterior surface of the spinal cord in flexion.  These data compare closely to 
the average volunteer in volunteer [35] and cadaveric [127] which reported average strains on the 
posterior surface of the cord of approximately 10.2% (range = 6.8% to 13.6% and range = 7.5% 
to 14.2%, respectively).   
Estimate of strain and strain rate in the CNS in injured compared to uninjured American 
football players 
The laboratory reconstruction data combined with the in-vivo spinal canal elongation data 
were used to estimate strains and strain rates in the CNS in the injured and uninjured players 
(Table 8.2).  The calculated strain and strain rate curves are included in Appendix D.1.  In these 
NFL players the strain in the CNS was predicted to be significantly higher in lateral rotation, 
axial rotation and under tensile loading.  This resulted in the total strain in the CNS of the injured 
players (10.5 ± 2.8%) being significantly higher than the uninjured players (5.4 ± 2.1%) 
(t=-6.284, p<0.0001).  Likewise, the strain rates (t=-6.4853, p<0.0001) in the injured players and 
the time-varying product of strain and the strain rate (t=-4.931, p=0.0001) in the injured players 
was significantly higher than the uninjured players.  
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Case Player Injured 
Elongation of the Cervical Spinal Canal 
(C1-C5) Estimated Strain in the CNS (C1-C5)   Power (equation 3)   Power (equation 4) 
ID 
 
0 - No ∆L Tz ∆L Rx ∆L Ry ∆L Rz 
∆L 
R 
TOT
 ∑∆L ε Tz ε Rx ε Ry ε Rz ε R Tot ε Tot d ε Tot / dt 
ε
 Tot
(d ε 
Tot
 
/ dt)   Trans. Rot. Res.   Trans. Rot. Res. 
   1 - Yes [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%/s] [- / s]   [kW] [kW] [kW]   [kW] [kW] [kW] 
7 striking 0 1.0 1.4 2.2 2.6 5.5 5.5 0.7 0.9 1.4 1.7 3.6 3.6 144 0.036   1.59 0.27 1.86   0.03 0.15 0.02 
7 struck 1 9.5 1.3 1.3 1.4 3.8 11.5 6.2 0.8 0.9 0.9 2.5 6.8 880 0.410   10.97 0.33 11.30   5.08 0.46 5.48 
9 striking 0 2.3 3.8 0.8 1.5 5.3 6.1 1.5 2.5 0.5 1.0 3.5 3.8 276 0.088   1.66 0.61 2.27   0.39 1.02 0.62 
9 struck 1 6.5 8.5 0.4 3.5 11.6 15.0 4.2 5.5 0.3 2.2 7.5 9.5 1196 0.775   19.44 2.26 21.70   6.71 1.54 7.39 
38 striking 0 0.8 0.8 5.9 1.3 7.4 7.8 0.6 0.5 3.9 0.8 4.8 5.0 181 0.058   3.72 0.95 4.68   1.46 0.41 1.85 
38 struck 1 9.7 7.3 4.3 6.2 16.0 19.8 6.3 4.8 2.8 4.1 10.4 12.8 1100 0.529   26.92 2.74 29.66   17.04 3.44 20.44 
39 striking 0 3.5 3.7 2.7 1.7 8.1 11.6 2.3 2.4 1.8 1.1 5.2 7.2 507 0.328   2.39 0.70 3.09   1.03 0.29 0.98 
39 struck 1 12.0 10.9 0.9 8.6 18.7 23.0 7.8 7.1 0.6 5.6 12.2 14.8 1959 1.385   13.43 3.95 17.38   6.69 2.61 8.36 
57 striking 0 2.0 4.3 1.4 4.4 7.6 8.9 1.3 2.8 0.9 2.8 5.0 5.7 253 0.089   14.55 1.22 15.76   1.76 0.87 1.76 
57 struck 1 11.8 7.2 3.6 4.0 11.8 20.5 7.7 4.7 2.3 2.6 7.7 11.4 1075 0.910   24.88 2.54 27.42   14.94 3.23 18.04 
59 striking 0 3.7 0.9 0.3 0.3 1.4 4.4 2.4 0.6 0.2 0.2 0.9 1.9 433 0.060   0.70 0.13 0.83   0.30 0.12 0.31 
59 struck 0 1.8 3.8 0.5 4.6 8.4 9.0 1.2 2.5 0.3 3.0 5.5 5.8 435 0.130   2.33 0.88 3.20   1.20 0.54 1.51 
69 striking 0 3.9 1.9 4.4 5.0 8.1 11.7 2.5 1.2 2.8 3.2 5.3 7.7 179 0.096   1.68 1.57 3.24   1.56 0.35 1.49 
69 struck 1 16.0 2.1 1.2 2.6 5.3 17.1 10.4 1.4 0.8 1.7 3.4 8.2 2317 1.741   19.04 1.87 20.91   3.86 1.06 4.25 
71 striking 1 5.2 6.6 0.9 4.9 11.6 13.3 3.4 4.3 0.6 3.2 7.6 8.6 1081 0.582   8.49 1.74 10.23   2.56 1.14 3.35 
71 struck 0 2.7 0.5 1.3 1.5 3.0 5.1 1.7 0.4 0.9 1.0 2.0 2.6 370 0.083   1.45 0.52 1.98   0.42 0.24 0.62 
77 striking 0 8.0 6.7 2.9 2.0 9.2 12.3 5.2 4.3 1.9 1.3 6.0 7.9 514 0.260   4.27 2.05 6.32   2.00 0.49 1.98 
77 struck 1 19.9 3.9 1.9 1.2 5.8 21.9 12.9 2.5 1.2 0.8 3.8 12.2 3112 3.255   9.22 1.91 11.14   5.37 0.57 5.49 
84 striking 0 4.0 6.1 1.4 1.8 9.0 12.5 2.6 4.0 0.9 1.2 5.9 8.0 649 0.264   3.39 1.90 5.29   2.01 1.82 2.13 
84 struck 1 7.8 8.3 1.2 5.1 13.9 16.2 5.1 5.4 0.8 3.3 9.1 10.5 1141 0.632   8.93 1.79 10.71   3.50 0.73 4.17 
92 striking 0 4.2 7.4 0.7 4.1 8.8 12.1 2.7 4.8 0.5 2.6 5.7 7.7 792 0.387   5.16 2.05 7.21   1.63 2.03 3.09 
92 struck 1 16.7 9.5 1.1 3.7 11.6 21.3 10.9 6.2 0.7 2.4 7.5 10.6 2349 2.149   30.38 2.11 32.49   14.92 1.06 15.63 
98 striking 0 2.9 2.8 1.5 8.7 11.2 13.0 1.9 1.8 1.0 5.7 7.3 8.5 455 0.158   2.60 2.04 4.64   1.40 2.02 2.29 
98 struck 1 8.5 5.9 1.2 3.2 9.4 12.2 5.5 3.8 0.7 2.1 6.1 7.6 1384 0.747   17.99 1.06 19.05   8.81 1.11 9.43 
113 striking 0 2.8 2.3 0.6 0.8 3.3 5.9 1.8 1.5 0.4 0.5 2.2 3.7 253 0.083   1.32 0.28 1.60   0.63 0.21 0.78 
113 struck 1 7.0 6.7 0.7 4.0 11.5 11.7 4.6 4.4 0.5 2.6 7.5 7.5 777 0.419   10.30 1.31 11.61   4.17 0.84 4.74 
118 striking 0 1.8 0.9 5.2 0.8 5.9 6.3 1.2 0.6 3.4 0.5 3.8 3.9 189 0.052   10.35 0.78 11.13   0.61 0.33 0.59 
118 struck 1 10.0 3.8 6.2 12.1 17.3 22.9 6.5 2.5 4.1 7.9 11.3 14.8 1537 1.007   8.69 5.46 14.15   3.33 3.84 5.96 
125 striking 0 6.2 3.8 0.7 3.2 7.3 10.1 4.0 2.5 0.5 2.0 4.7 6.2 1034 0.474   4.15 0.76 4.92   2.14 0.52 2.39 
125 struck 1 8.3 6.6 5.2 10.6 21.8 24.6 5.4 4.3 3.4 6.9 14.2 15.9 1661 1.199   36.25 4.81 41.06   12.92 2.58 15.14 
148 striking 0 1.8 2.1 0.5 1.8 4.2 5.0 1.2 1.4 0.3 1.2 2.7 3.2 272 0.065   0.79 0.29 1.08   0.39 0.23 0.61 
148 struck 1 3.5 6.5 0.9 5.9 13.3 14.7 2.3 4.2 0.6 3.9 8.6 9.5 664 0.317   6.43 1.61 8.04   2.63 0.88 3.47 
157 striking 0 1.9 3.8 1.1 1.1 4.8 6.3 1.3 2.5 0.7 0.7 3.1 4.0 147 0.051   1.97 0.45 2.42   0.49 0.61 0.61 
157 struck 1 10.6 4.5 0.6 6.0 10.8 13.6 6.9 2.9 0.4 3.9 7.0 8.7 1503 0.793   11.38 1.44 12.82   2.38 0.57 2.44 
164 striking 0 3.1 7.4 1.2 2.4 9.1 10.2 2.0 4.8 0.8 1.5 5.9 6.0 557 0.210   2.92 2.45 5.37   4.09 1.96 4.21 
164 struck 1 6.5 6.9 0.6 5.2 12.5 14.9 4.2 4.5 0.4 3.4 8.1 9.5 1306 0.743   16.92 3.05 19.97   7.72 1.76 8.98 
                                                  
Average Injured 1 10.0 6.3 1.9 5.2 12.2 17.3 6.5 4.1 1.2 3.4 7.9 10.5 1473 1.035   16.45 2.35 18.80   7.21 1.61 8.40 
Std Dev Injured 1 4.3 2.5 1.8 3.0 4.7 4.4 2.8 1.6 1.2 1.9 3.0 2.8 643 0.752   8.73 1.33 9.25   4.84 1.10 5.56 
                                                  
Average   0 3.1 3.4 1.9 2.6 6.7 8.6 2.0 2.2 1.2 1.7 4.4 5.4 402 0.157   3.53 1.05 4.57   1.24 0.75 1.47 
Std Dev   0 1.8 2.2 1.6 2.0 2.6 3.0 1.1 1.4 1.1 1.3 1.7 2.1 238 0.128   3.44 0.74 3.69   0.96 0.68 1.07 
                                                  
p     <0.001 0.001 0.95 0.005 0.001 <0.001 <0.001 0.001 0.947 0.005 <0.001 <0.001 <0.001 <0.001   <0.001 0.002 <0.001   <0.001 0.01 <0.001 
t     -6.174 
-
3.621 
-
0.063 -3.020 
-
4.264 -6.837 -6.194 -3.611 -0.068 -3.049 -4.252 -6.284 -6.485 -4.931   -5.717 -3.581 -5.933   -5.002 -2.796 -5.058 
 
The binary logistic regression analysis (Table 8.3, Figure 8.5) indicated 𝜀Tot 
𝑑𝜀𝑇𝑜𝑡
𝑑𝑡
 (strain x 
strain rate) in the spinal cord/brain stem was the best predictor of concussion in this data set.  At 
a 50% probability of injury, 𝜀Tot 
𝑑𝜀𝑇𝑜𝑡
𝑑𝑡
, predicted 94% of the cases correctly, compared to 
𝑑𝜀𝑇𝑜𝑡
𝑑𝑡
 
(92% correct) and 𝜀Tot (83% correct).  This is similar to others [50, 117, 125] who have indicated 
𝜀Tot 
𝑑𝜀𝑇𝑜𝑡
𝑑𝑡
 to be a good biomechanical predictor of injury.  In his analysis of primate head impact 
Table 8.2 – Summary of calculated changes in length of the cervical spinal canal, strains in the spinal 
cord and brain stem and power at the atlano-occipital joint for the injured and uninjured players in 
Chapter 7. 
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data, which also included a primate cervical spine, Antona-Makoshi [121] found strains in the 
brain stem to correlate to concussion.  Strain rates were not reported in that data set.   
 
Predictor 
  
Logistic Regression Parameters 
 
Injury Probability 
 
Range of Injured 
Players 
  Units   α β 
Fraction  
correct -2LLR χ
2
 
Nagelkerke 
R
2
 15% 50% 85%   Min. Max. 
Strain x Strain Rate [s
-1
]   -20.199 61.563 0.944 3.932 45.863 0.961   0.30 0.33 0.36   0.32 3.26 
Strain Rate [%/s]   -7.012 0.009 0.917 13.067 36.729 0.854   605 804 1002   664 3112 
Strain [%]   -11.901 1.513 0.833 21.276 28.519 0.730   6.72 7.86 9.01   6.81 15.93 
                                
ΔV 
Head - T1
 [m/s]   -400.7 74.892 1.000 0.000 49.795 1.000   5.33 5.35 5.37   5.85 11.11 
Upper Neck Power (eq. 4) [kW]   -6.314 1.948 0.944 13.082 36.714 0.853   2.35 3.24 4.13   2.44 20.44 
Upper Neck Power (eq. 3) [kW]   -4.961 0.514 0.917 17.946 31.849 0.784   6.27 9.65 13.02   8.04 41.06 
Neck Tension [N]   -5.362 0.006 0.889 18.167 31.629 0.780   604 894 1182   589 3373 
HIC
15
 [-]   -2.528 0.015 0.806 32.286 17.509 0.514   53 168 284   107 618 
Δω 
Head - T1
 [rad/s]   -3.802 0.126 0.722 37.092 12.703 0.397   16.4 30.2 43.9   20.7 64.7 
Acc
R
 [g]   -2.315 0.033 0.583 45.349 4.446 0.155   17.5 70.2 122.5   48.8 119.1 
 
Table 8.3 – Summary of calculated binary logistic regression parameters for the NFL reconstruction data 
(Chapter 7). 
Figure 8.5 – Binary logistic regression plots of probability of concussion for various injury predictors. 
Upper Neck Power [A], Rotational Velocity relative to T1 [B], Head Resultant Acceleration [C], strain x 
strain rate [D], strain rate [E] and strain [F]. 
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The product of 𝜀Tot 
𝑑𝜀𝑇𝑜𝑡
𝑑𝑡
 in this study is lower than those reported in the literature [50, 117, 
125].  The method of calculation in the current study represents a generalized axonal strain in the 
upper spinal cord and brain stem.  The previous FE-based studies utilize an engineering strain as 
calculated by the FE software and did not include a biofidelic cervical spine and spinal cord.  
The predicted strain in the brain stem does not include the effects of the upper cervical spine and 
spinal cord since there was no spinal cord or cervical spine present in previous FE studies.  The 
engineering strain is not equivalent to axonal strain since the axons in the brain travel in different 
directions.  This results in higher predicted strains [46] and when differentiating to calculate 
strain rate this will also result in higher strain rates.  In the spinal cord and brain stem the neural 
pathways travel along the axis of the spinal cord and brain stem.  Therefore, it is expected that 
the method of analysis used in this study is representative of global axonal strains and strain rates 
in this area.   
There may be local strains and strain rates that are higher or lower than those reported in this 
study.  Three potential causes of higher local strains and strain rates in the upper cervical spine 
are (1) the attachment of the denticulate ligaments into the spinal cord [28], (2) the relative shear 
motion of adjacent vertebrae, and (3) excursion of the odontoid process into the spinal canal [10, 
11, 88].  Each of these were not accounted for in this analysis; however, it was not the intent to 
establish the exact threshold value for strain and strain rate, rather it was to assess the potential 
trend of strains and strain rates in the brain stem as they relate to concussion. 
Power at the atlanto-occipital joint as a biomechanical predictor of concussion 
The binary logistic regression analysis (Table 8.3, Figure 8.5) illustrates the best predictor of 
injury was ΔVHead-T1.  The average injured player had a ΔVHead-T1 of 8.1±2.2 m/s compared to the 
average uninjured player who had an average ΔVHead-T1 of 3.3±1.1 m/s.  There were no uninjured 
126 
 
 
players with a ΔVHead-T1 greater than 5.2 m/s and no injured players with a ΔVHead-T1 less than 
5.5 m/s.  These data compare well with the work of Denny-Brown and Russell [31] who found 
signs of concussion in their animal experiments with primates and cats.  They reported signs of 
concussion began with some animals being injured at head changes of speed of 5.8 m/s and all 
animals injured at head changes in speed of 8.5 m/s.  They also found that head movement 
relative to the body was an important factor for the injury to occur.  When the head of animal 
was supported it was difficult to produce experimental concussion until higher changes of speed.  
In addition, they found concussion signs could be reproduced in the decerebrate animal.  Both of 
these findings (head movement relative to torso and signs in the decerebrate animal) indicate 
there could be brain stem involvement in the concussion injury.  Although, ΔVHead-T1 may be a 
convenient biomechanical predictor of injury it does not incorporate the effects of rotation or the 
mass of the helmet. 
Upper neck power was calculated using two separate methods.  Each of these methods 
predicted a higher power for the injured player when compared to the uninjured player (equation 
3, t=-5.933, p<0.0001; equation 4, t=-5.075, p<0.0001) (Table 8.3).  Upper neck power 
incorporates ΔVHead-T1 and ΔωHead-T1 as well as the upper neck forces which were all significant 
predictors of injury in this dataset (Chapter 7).  The combination of these forces and velocities is 
advantageous since it may help to shed some light on the directional dependencies associated 
with injury as well as the potential location of injury.  Power also incorporates the effects of the 
mass and inertia of the helmet since it directly uses the upper neck forces and, it also could 
incorporate adjustments for the effects of neck strength.  This could be important since neck 
strength has been shown to be a protective factor in concussion [45].  Upper neck power did not 
predict injury as well as 𝜀Tot 
𝑑𝜀𝑇𝑜𝑡
𝑑𝑡
 ; however, compared to other laboratory based biomechanical 
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predictors, such as HIC15, resultant head acceleration and resultant rotational velocity, it was a 
stronger predictor.  The current calculation of upper neck power does not incorporate weighting 
factors to weight the effects of different modes of loading.  In the future, a detailed analysis of 
strains and strain rates provided in this chapter may provide a basis for future weighting these 
components.   
DISCUSSION 
Maiman et al. [128] produced spinal cord injury as a result of axial loading to cats.  They 
reported a 10% change in evoked potentials at distraction forces of 1-2 kg/kg of body weight 
(BW) with a 50% reduction in evoked potentials at 2.5 – 7.0 kg distraction/kg BW and a 95% 
reduction at 3.5 – 9.0 kg/kg BW in quasi-static testing.  The cats with 50% and 95% reduction in 
evoked potentials suffered from severe quadriparesis that lasted weeks.  These injures are clearly 
more severe than those involved in concussion.  The injured players in this data set sustained 
tensile forces of 1.7 ± 0.6 kg/kg BW.  This is in the range of the 10% change in evoked 
potentials reported by Maiman et al. [128]; however, the tensile forces in these injured players 
were combined with rotation of the head relative to the torso and at high strain rates.  Axonal 
injuries have also been found extensively in the brain stem and spinal cord of rats in the 
Marmarou model [126, 129]; however, the Marmarou model may not be representative of the 
types of hits that players undergo in football [130].   
The calculated strains in the spinal cord and brain stem of these injured players were at the 
high end of the strains predicted for the normal range of motion of the cervical spine.  Viano and 
Lovsund [125] found that brain and spinal cord tissue demonstrate a rate-sensitive injury 
response, consistent with VC.  At the axonal level this is analogous with product of strain (ε) and 
strain rate (
𝑑𝜀
𝑑𝑡
).  They reported upon in-vivo spinal cord impact testing with impact speeds of 1.5 
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to 6.0 m/s and compressions of 25 to 65%.  Many of these impacts resulted in non-recoverable 
injury to the spinal cord.  The lowest compression (25%) resulted in half of the specimens 
recovering from injury and the other half having permanent injury.  These data were applied to 
calculate the tensile strain along the length of the spinal cord and it was estimated that the tensile 
strain was 3% with strain rates ranging from 7500 to 30,000 %/s.  No specimens recovered above 
20,000 %/s.  These strain rates exceed the rates seen in the uninjured and injured players in the 
present study.   
Singh et al. [102] found both strain and strain rate had an effect on functional nerve root 
injuries in spinal nerves roots of rats.  They reported a 50% probability of nerve conduction 
block at 16%, 9% and 8% for strain rates of 0.1, 10 and 150 %/s.  Thibault and Gennarelli [131] 
conducted tensile testing of the giant axon of the squid at strain rates of above 5000%/s.  They 
reported depolarization of the neurons at 5-10% and illustrated a threshold of injury of 6% in 
their work.  The curve fit in Figure 8.6 illustrates a logarithmic relationship between strain and 
strain rate from the data in Singh et al. [102], Viano and Lovsund [125] and Thibault and 
Gennarelli [131].   
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Figure 8.6:  Tolerance for concussion based upon predicted strain and strain rate in the spinal cord 
and brainstem.  (A) Linear scale.  (B) Logarithmic Scale.  The lower dashed line is a curve fit to 
Singh et al. (2009), Thibault and Gennarelli (1985) and Viano and Lovsund (1999).  The data from 
Singh et al. was dynamic in-vivo testing conducted on rat spinal nerve roots which represents a 50% 
probability of recoverable nerve injury.  The data point from Thibault and Gennarelli (1985) was 
taken from the tolerance proposed in their study.  It was based upon axial tension test of the giant 
axon of the squid.  The data point from Viano and Lovsund is based upon a calculation to determine 
the strain due to tension in the spinal cord specimens that recovered from impact.  Sances et al. 
(1981) recorded in-vivo evoked potentials in the CNS while applying static and dynamic tensile 
loading on primates.  These data points represent the strains at which there was a reduction in 
evoked potentials. 
A 
B 
Singh et al. 
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Concussion 
with no head 
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130 
 
 
Sances et al. [13] and Cusick et al. [132] conducted tensile tests by pulling vertically on the 
head of a restrained primate and recorded in-vivo evoked potentials through the brain stem and 
spinal cord as well as heart rate and respiration.  Cusick et al. [132] concluded that brain stem or 
spinal cord dysfunction are the result of excess tensile stress along the fibre tracts.  The tests 
were conducted quasi-statically and also at rates of 1 m/s (approximately 1450 %/s).  The data 
presented in Sances et al. [13] were used, and it was calculated that in the static and dynamic 
tests the primates underwent approximately 14.8% and 7.8% strain in the in the spinal cord and 
brain stem, respectively, prior to a reduction in evoked potentials.  Changes in heart rate and 
respiration occurred shortly after the reduction in evoked potentials.   
In the human, a known set of severe volunteer exposures is the sled acceleration testing 
conducted at the Naval Biodynamics Laboratory (NBDL) [133] involving 17 volunteers with 236 
exposures.  The volunteers reportedly underwent extensive pre- and post-test medical 
evaluations.  The only injuries reported were minor surface abrasions on the skin under the 
restraint system.  Thunnissen et al. [99] noted movement of the instrumentation located at the T1 
vertebrae of these volunteers and provided a method to account for this movement.  They 
confirmed their correction method with video analysis.  The method proposed by Thunnissen et 
al. [99] was applied, and the strains and strain rates of these NBDL volunteers were estimated for 
eight of the most severe frontal exposures following the same procedure as presented in this 
chapter.  The data was obtained from the National Highway Transportation Safety 
Administration (NHTSA) website [134].  These severe human volunteer exposures lie close to 
the curve-fitted line in Figure 8.6.  The 𝜀Tot 
𝑑𝜀𝑇𝑜𝑡
𝑑𝑡
 was calculated to be 0.16 ± 0.046 s-1 (Table 
8.4).  The binary logistic regression analysis indicates that for 𝜀Tot 
𝑑𝜀𝑇𝑜𝑡
𝑑𝑡
  the probability of injury 
is very low. 
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Test Information Calculated data 
Subject ID NBDL Test ID NHTSA Test ID Sled Accel. ε Tot d ε Tot / dt ε Tot(d ε Tot / dt) 
      [g] [%] [%/s] [s
-1
] 
H00118 3969 1635 -15.3 11.48 382 0.245 
H00120 3954 1625 -14.1 10.85 236 0.160 
H00127 3959 1629 -14.7 8.96 159 0.097 
H00131 3990 1644 -14.6 9.24 273 0.155 
H00132 3957 1627 -14.6 11.16 235 0.147 
H00133 3986 1641 -15.5 8.99 317 0.185 
H00135 3970 1636 -15.5 10.42 296 0.203 
H00136 3962 1631 -14.1 10.07 182 0.124 
Average       10.15 260 0.164 
Stdev       1.00 73 0.047 
In Chapter 6, two case studies were presented with concussion that occurred as a result of a 
chest impact to American football players.  The resultant strains and strain rates in these two 
players were calculated for Case A (13.0%, 1119 %/s) and Case B (8.7%, 448 %/sec).  These 
two collisions resulted in different outcomes to the injured player.  In Case A the player was 
unconscious for approximately 70 seconds, he returned to play three weeks later.  In Case B, the 
player returned to game play 7 days later.  The product of strain and strain rate were 0.89 s-1 and 
0.25 s-1, respectively.  These cases were not included in the binary logistic regression analysis.  
The regression analysis for 𝜀Tot 
𝑑𝜀𝑇𝑜𝑡
𝑑𝑡
 indicates this correlates to a 1% probability of injury for 
Case B and was below the minimum of any of the players who had sustained concussion in 
helmet-to-helmet contact.  The logistic regression analysis was repeated, including these two 
cases, and this resulted in a 15% probability of injury for Case B.  This suggests that as more 
data become available this should improve the injury prediction capability of these variables or, 
alternatively, the injured player in Case B was more susceptible to injury.  The data from these 
Table 8.4 – Summary of calculated strain and strain rates in the spinal cord and brain stem of eight 
human volunteer exposures in sled testing conducted by the NBDL. 
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two cases may help to shed some light on the thresholds for AIS1 injury (concussion without loss 
of consciousness) and AIS2 injury (concussion with loss of consciousness) [135].  Additional 
data are needed to further understand these thresholds; however, strain in the spinal cord was 
previously cited as one of the reasons for pilots failing to eject after ditching their planes into the 
ocean [88] and has been discussed in several animal studies as a biomechanical predictor of 
concussion. 
The sport of boxing provides an additional resource to estimate thresholds for injury.  The 
punch forces of Olympic boxers [111] have been reported.  The uppercut punch is an effective 
knockout punch and resulted in average upper neck forces in the Hybrid III ATD of 1474 ± 903 N, 
with maximum forces delivered by heavyweight boxers that exceeded 3500 N.  This correlates to 
a strain of 8.7 to 13.4 % (1474 N to 3500 N) and a strain rate of approximately 870 to 1340 %/s, 
assuming a triangular wave with a peak force at 0.01 sec.  These data also coincide with the 
strain and strain rate calculations for these injured NFL players.   The uppercut punches 
delivered by heavyweight boxers resulted in similar strains and strain rates to the NFL player in 
Case A; who lost consciousness as a result of an impact to the chest.  This may help to provide 
some insight into the threshold for loss of consciousness; however, more data of these types of 
severe exposures are required. 
In summary, the signs and symptoms as well as posturing [6] of athletes who have sustained 
a concussion are consistent with injury to the upper cervical spinal cord and/or brain stem.  
Previous animal studies [10, 11, 13, 22, 29, 31, 32, 33] support the upper spinal cord and brain 
stem as a potential mechanism of injury.  The data presented in this report indicates that the 
combination of strain and strain rate along the axis of the spinal cord and brain stem is a strong 
biomechanical predictor of concussion.  An analysis of existing volunteer data is also supportive 
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of this mechanism of injury.  The findings from this study could provide important information 
in understanding the mechanism of concussion in sports and a means to better protect against it.  
The data indicate that there is an increasing trend in helmet size and mass [16, 86] and also that 
helmet mass and inertia can result in higher upper neck forces and rotation of the head relative to 
the torso [16, Chapter 6].  Therefore, if strain in the upper spinal cord and brain stem is 
considered a mechanism of concussion, helmet manufacturers should pay close attention to the 
mass, inertia and/or how the mass and inertia of the helmet is coupled to the athlete since these 
factors may help to optimize helmet performance. 
There are several limitations to this study that must be acknowledged.  This study was 
performed using data generated from laboratory reconstructions using the Hybrid III ATD to 
represent humans in injurious and non-injurious helmet-to-helmet collisions while playing 
American football.  There may be some question regarding the biofidelity of the Hybrid III ATD 
in these combined loading conditions; however, it is currently the best available method for 
reconstructing these on-field collisions in the laboratory.  It provides critical information in 
assessing the injury trends in injurious and non-injurious collisions.  Additionally, the design of 
the Hybrid III has a neck simulating some muscle tensing, but there is no active musculature in 
any of the current ATDs.  Therefore, the differences in head kinematics for players who were 
able to brace for impact, who are generally striking players, compared to those unable to brace 
for impact could not be assessed.  This may be an important factor when comparing the struck 
(and unprepared) player versus the striking (and prepared) player.  In addition to these 
differences, the effects of neck strength were not studied.  However, it is thought that players 
with stronger necks who were able to prepare for impact would have the ability to reduce head 
motion relative to the torso.  Also, the Hybrid III represents the 50th percentile male.  The 
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dummy is lighter and shorter than the typical football player involved in game impacts and 
concussion.  In this study the weight was increased using a weight vest; however, the height 
could not be modified.  
The laboratory data acquired was used in conjunction with FE modelling and in-vivo 
volunteer studies to estimate the stretch in the cervical spine.  A coupling ratio of 0.65 was 
applied to assess the tensile strain in the CNS (brain stem and spinal cord).  The coupling ratio 
was supported by previous animal studies that have reported coupling ratios of 0.5 to 0.75.  It 
also appears to be supported by the anthropometry of the human cervical spine, cervical spinal 
cord, and brain stem.  If the coupling ratio is related to the anthropometry of the cervical spine 
and brain stem then differences in the length of the spinal cord and brain stem will have an effect 
on its magnitude.  A Monte-Carlo simulation was conducted to assess the sensitivity of this 
coupling ratio to variations in cervical spine length and brain stem length.  The cervical spine 
length was varied from 95 mm to 125 mm and the brain stem length was varied from 46.4 mm to 
52.6 mm.  The analysis indicates that the coupling ratio would likely vary by +/- 0.06 (2 standard 
deviations, range = 0.59 to 0.71) due to these geometric differences.  This indicates that the 
uncertainty in the calculated strain is approximately 0.8% strain, meaning that the true average 
strain of injured players could lie within 9.7% and 11.3%, and the true average strain of the 
uninjured players could lie within the range of 4.6% to 6.2%.  Regardless of the difference in 
coupling ratio, the same trend exists that the injured players had higher estimated strains and 
strain rates than the uninjured players. 
The calculated strain presented in this dissertation represents a global strain along the axis of 
the cervical spinal cord and brain stem.  This type of analysis does not incorporate local strains.  
These local strains may be higher due to the shear motion between the individual vertebral 
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bodies, the individual spinal segment ranges of motion, or the effects of the denticulate ligaments 
or spinal nerve roots tethering the cord to the spinal canal.  On a microscopic level there may 
also be strain concentrations that occur along the axon or at the Nodes of Ranvier.  This level of 
detail cannot be quantified based upon the approach taken in this dissertation and would require 
a very detailed central nervous system model.   
A finite element model study was not conducted since a biofidelic and validated finite 
element model that incorporates the coupling of the spinal cord to the spinal canal could not be 
located.  The development of such a model was beyond the scope of this dissertation.  Future 
work could be conducted in this area by first assessing the coupling ratio in the human by way of 
cadaveric studies.  This cadaveric data could then be used to validate a biofidelic finite element 
model of the spinal cord and brain stem.  In addition to a validated human model, validated 
helmet finite element models must exist if a finite element modeling approach is conducted.  
This means that several other unknowns, such as coupling of the helmet to the head, the effects 
of helmet fit and chin strap forces, must be understood.  Although several limitations exist in this 
study, the data support that tension in the upper spinal cord and brain stem is an important 
mechanism of concussion.  The data supports that the upper neck forces as well as the strains in 
the cervical spinal cord and brain stem should be added to head kinematics for a more 
comprehensive evaluation of concussion.  
 
  
136 
 
 
CHAPTER 9 – CONCLUSIONS 
The majority of recent biomechanical research has focused on head kinematics (velocities 
and accelerations) as a predictor of concussion.  There is important direct evidence supporting 
that a mechanism of concussion is related to the tensile strain and strain rate in the upper cervical 
spinal cord and brain stem due to neck tension.  Many of the signs and symptoms of concussion 
correlate to injury of the spinal cord, brain stem, and/or midbrain.  There has been considerable 
new and older research in animals showing involvement of the brain stem and tissue 
degenerative changes in the cervical spinal cord and brain stem with concussive injury.  Signs of 
concussion can occur as a result of pure tensile loading with no head impact.   
The overall aim of this dissertation was to build upon this foundational research and to 
understand whether kinematics resulting in neck tension and the tensile strain and strain rate 
along the axis of the upper spinal cord and brain stem were biomechanical predictors of 
concussion.  Two new laboratory impactors were designed and constructed to achieve these 
goals.  The impactors were tested and found to be repeatable.  The impactors were used to 
reconstruct twenty on-field collisions (n=18 helmet-to-helmet and n=2 helmet-to-chest (non-head 
impacts resulting in concussion)).  The effects of helmet mass on ATD head and neck responses 
were also investigated during helmet-to-helmet and helmet-to-chest impacts (non-head impacts).  
These data were used to estimate the tensile strains and strain rates along the axis of the cervical 
spinal cord and brain stem.  Based upon the results the following conclusions are drawn: 
1. The new laboratory impactors were a repeatable method to recreate on-field collisions 
with one or two moving ATDs to represent the players.  The impactors had a 
coefficient of variation of 0.02% relative to the target speed and the two impactors 
could be synchronized to within 1 millimeter or 1 millisecond of each other. 
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2. The laboratory methods in this dissertation were an improvement over previous 
methods.  In this study, an instrumented ATD head, neck, and torso were used to 
represent each player, providing a more complete picture of head and torso kinematics 
and neck kinetics.  The pre-impact momentum was more closely matched, and no 
constraining boundary conditions were imposed on the ATDs during the collisions. 
3. In the laboratory reconstructions head ΔV relative to T1 was the single best predictor of 
injury (50% probability=5.35 m/s, χ2=49.8, 100% correct).  It was followed by upper 
neck power (50% probability=3.24 kW, χ2=36.7, 94.4% correct) and neck tension (50% 
probability=894 N, χ2=31.6, 88.9% correct).  Poorer predictors of injury were HIC15 
(50% probability=168, χ2=17.5, 80.6% correct), rotational velocity of the head relative 
to T1 (50% probability=30.2 rad/s, χ2= 12.7, 72.2% correct), and translational 
acceleration of the head (50% probability=70.2 g, χ2=4.4, 58.3% correct).   
4. An impact to the chest can result in concussion.  The two cases studied in this 
dissertation resulted in high neck tensile forces (Case A [LOC-out 3 weeks] = 2646 N, 
Case B [No LOC-out 1 week] = 1342 N) combined with forward flexion of the head 
relative to the torso.  This is similar to the kinematics of a restrained occupant in a 
severe frontal automobile collision without an airbag. 
5. The neck tension forces (+Fz) in the eighteen helmet-to-helmet laboratory 
reconstructions (1691±728 N) were higher than those previously reported in volunteer 
research but lower than cadaveric research resulting in ligamentous failure of the 
cervical spine.  The high neck tension forces were combined with lateral (x-axis) and 
axial (z-axis) rotation of the head relative to T1 in the injured players. 
138 
 
 
6. A combination of neck tension force (distraction), lateral (x-axis) rotation, flexion, and 
axial (z-axis) rotation results in elongation of the cervical spine and the potential for 
tensile strains along the axis of the spinal cord and brain stem. 
7. The time-varying product of tensile strain and strain rate along the axis of the cervical 
spinal cord and brain stem was the best tissue-level predictor of injury (50% 
probability=0.33 s-1, χ2=45.9, 94.4% correct) when compared to strain and strain rate by 
themselves.  This injury metric is consistent with previous research. 
8. The magnitude of the tensile strains (6.8 % to 15.9 %) and strain rates (662 to 3112%/s) 
along the axis of the cervical spinal cord and brain stem in the injured players exceeded 
those in research which have resulted in concussion signs in in-vivo primate testing and 
transient axonal dysfunction in axonal tensile loading tests. 
9. The combination of the research in this dissertation, the signs and symptoms of 
concussion, and the previous foundational research supports the theory that the tensile 
strains and strain rates along the axis of the cervical spinal cord and brain stem are an 
important mechanism of concussion. 
10. The mass and inertia of the helmet increased the upper neck forces and moments in the 
Hybrid III 50th ATD in both helmet-to-helmet and helmet-to-chest (non-head impacts) 
collisions when compared to un-helmeted impacts.   
The research conducted in this dissertation supports earlier studies on the role of neck tension 
and strain in the upper cervical spine and brain stem as well as their rates of application as a 
cause for concussion.  These biomechanical responses should be added to head kinematic 
responses for a more comprehensive evaluation of concussion.    
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APPENDIX A.1 
Signs & Symptoms Spinal Cord Brainstem Mid-Brain Comments
1996-2001 78% 85% 92% 886 reported concussions
2002-2007 78% 86% 93% 854 reported concussions
General Symptoms
Headaches y y y
Neck Pain y y y
Nausea y y y
Syncope y y
Vomiting y y
Back Pain y
Seizures
Cranial Nerve Symptoms
Dizziness y y y
Blurred Vision y y
Vertigo y y y
Photophobia y y
Tinnitus y y
Diplopia y y
Nystagamus rarely y y
Pupil Response y y
Pupil Size y y
Hearing Loss y y
Memory Problems
RGA Delayed y Possible thalamic dysfunction.
Info Processing Problems y Possible thalamic dysfunction.
Attention Problems y
AGA Delayed y
Cognition Problems
Immediate Recall y Possible thalamic dysfunction.
Not Oriented to time y
Not Oriented to Place y
Not Oriented to Persons y
Somatic Complaints
Fatigue y y y
Anxiety y
Personality Change y
Irritability y y
Sleep Disturbance y y
Loss of Appetite y y y
Depression y y
Loss of Libido y y
Loss of Consciousness y y
Note:  The remaining 8 percent of players had no reported symptoms in this data set.
Thank you to Dr. Ira Casson for his review of these symptoms and assessment of which 
could be related to signs and symptoms of spinal cord, brainstem or midbrain dysfunction.
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1740 NFL players categorized by the potential source of the location of symptoms and the 
number of days out. 
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APPENDIX B.1 – Supplement for Chapter 4, Test Series 1 
Impact Location Helmet Condition Impact Speed Upper Neck Moments
Acceleration ΔV Lin. Momentum Fx Fy Fz Resultant Resultant
(m/s) (g) (m/s) (kgm/s) (N) (N) (N) (N) (Nm)
4.1 61.4 4.43 20.10 623 375 339 719 41.0
59.8 4.31 19.56 591 -374 314 690 37.8
62.3 4.49 20.40 641 -377 351 736 42.4
62.2 4.48 20.35 638 -374 354 732 42.7
5.2 99.9 6.30 28.62 882 460 670 975 59.2
99.1 6.14 27.87 872 -458 676 984 59.6
96.1 6.46 29.33 886 -457 662 959 59.2
104.5 6.31 28.66 889 -466 671 981 58.9
4.1 - - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
5.2 - - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
4.1 36.0 4.33 27.95 783 461 625 1023 59.5
35.7 4.31 27.82 817 -460 596 1027 61.2
36.1 4.34 28.03 792 -463 627 1023 59.7
36.1 4.34 28.01 740 -459 653 1019 57.5
5.2 53.6 6.01 38.82 987 632 1194 1569 77.7
54.1 5.85 37.78 989 -631 1215 1559 77.4
53.5 6.10 39.40 981 -642 1132 1509 74.4
53.2 6.08 39.26 992 -623 1236 1637 81.4
4.1 35.3 4.46 30.34 741 504 649 1050 62.1
36.4 4.44 30.27 733 -471 638 1038 61.1
36.6 4.52 30.79 739 -522 747 1118 61.0
32.7 4.40 29.97 750 -521 561 993 64.3
5.2 56.5 5.99 40.82 908 761 1294 1637 77.6
56.7 5.93 40.35 919 -764 1390 1656 78.3
57.1 5.98 40.71 915 -746 1263 1642 77.5
55.7 6.08 41.40 889 -774 1228 1614 76.8
4.1 59.4 4.42 20.07 370 652 468 751 42.9
58.8 4.40 19.99 373 -636 483 743 42.3
62.5 4.54 20.59 378 -675 461 774 44.3
56.8 4.32 19.63 359 -646 461 737 42.2
5.2 82.5 5.96 27.07 472 853 895 1065 56.5
83.5 6.09 27.65 467 -855 893 1099 55.4
81.9 6.04 27.42 488 -856 930 1094 58.1
82.0 5.75 26.12 460 -847 862 1002 55.9
4.1 32.2 4.55 26.39 438 766 641 991 56.8
33.0 4.48 26.00 435 -770 644 980 55.9
32.6 4.53 26.25 452 -765 632 1000 58.3
31.1 4.64 26.91 428 -762 646 994 56.1
5.2 62.8 6.29 36.49 459 898 1122 1407 79.4
58.9 7.29 42.26 418 -829 1098 1373 75.5
70.3 4.40 25.53 519 -979 1151 1443 82.5
59.1 7.18 41.67 442 -888 1118 1403 80.3
4.1 31.9 4.31 27.86 354 959 664 1088 75.8
31.4 4.33 27.99 382 -954 638 1151 74.9
32.6 4.22 27.28 340 -960 707 1044 76.4
31.6 4.38 28.32 339 -962 648 1068 76.2
5.2 40.6 5.57 36.01 404 1118 1200 1491 88.6
45.3 5.97 38.60 437 -1170 1121 1504 92.6
45.0 5.82 37.57 385 -1120 1297 1498 84.0
31.5 4.93 31.87 389 -1065 1182 1471 89.3
4.1 29.4 4.29 29.19 342 1021 595 1127 84.0
28.2 4.21 28.66 363 -1024 641 1173 84.5
30.8 4.36 29.69 329 -1014 590 1103 82.7
29.2 4.29 29.22 334 -1025 554 1104 84.8
5.2 44.5 6.00 40.86 464 1331 1119 1598 109.8
46.8 6.04 41.14 490 -1347 1152 1621 111.3
43.9 6.02 41.01 455 -1321 1110 1605 108.6
42.9 5.93 40.41 448 -1325 1094 1568 109.4
4.1 65.7 4.35 19.75 91 543 538 673 34.7
66.5 4.37 19.82 -94 -541 520 675 35.5
67.5 4.27 19.41 -82 -533 531 667 34.0
63.1 4.41 20.03 -97 -555 562 675 34.8
5.2 87.8 5.84 26.51 186 739 948 1083 44.5
88.9 5.89 26.72 -196 -753 957 1095 44.9
87.9 5.85 26.55 -185 -735 953 1087 44.7
86.7 5.78 26.25 -178 -729 933 1067 43.8
4.1 39.5 4.35 25.21 99 583 733 912 35.5
40.7 4.31 24.97 -100 -599 714 915 34.6
39.2 4.38 25.42 -102 -586 743 918 36.5
38.7 4.35 25.23 -95 -566 742 904 35.5
5.2 55.9 5.83 33.80 169 791 1257 1416 51.0
57.6 5.85 33.94 -139 -812 1288 1407 50.4
53.7 5.77 33.48 -185 -773 1226 1406 51.9
56.3 5.86 33.99 -183 -788 1256 1435 50.8
4.1 37.5 4.35 28.09 177 608 809 1012 24.7
36.1 4.30 27.77 -180 -590 751 951 23.2
39.2 4.39 28.34 -163 -613 878 1072 22.9
37.4 4.36 28.17 -188 -622 797 1013 27.8
5.2 53.4 5.77 37.29 304 809 1420 1601 47.4
55.6 5.78 37.34 -293 -822 1365 1527 46.7
53.4 5.75 37.13 -329 -806 1450 1632 47.0
51.1 5.79 37.40 -289 -799 1446 1645 48.6
4.1 39.1 4.33 29.48 133 676 801 1019 33.7
40.8 4.40 29.94 -117 -666 700 925 28.6
38.8 4.28 29.12 -140 -683 873 1085 36.2
37.7 4.31 29.38 -143 -680 829 1048 36.4
5.2 51.8 5.65 38.45 286 844 1518 1709 47.9
52.1 5.66 38.54 -308 -862 1536 1723 54.1
53.1 5.65 38.47 -267 -842 1554 1739 46.1
50.2 5.63 38.35 -282 -827 1465 1664 43.5
Lo
ca
ti
o
n
 A
Lo
ca
ti
o
n
 B
Lo
ca
ti
o
n
 C
Un-helmeted
No facemask
Helmet
Helmet + 350 g
Un-helmeted
No facemask
Helmet
Helmet + 350 g
Headform Upper Neck Forces
Un-helmeted
No facemask
Helmet
Helmet + 350 g
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Impact Location Helmet Condition Impact Speed Upper Neck Moments
Acceleration ΔV Lin. Momentum Fx Fy Fz Resultant Resultant
(m/s) (g) (m/s) (kgm/s) (N) (N) (N) (N) (Nm)
4.1 61.7 4.49 20.40 690 396 501 880 55.8
60.3 4.53 20.56 -685 -392 467 850 55.8
62.7 4.42 20.08 -679 -387 507 887 55.2
62.1 4.53 20.56 -706 -410 527 904 56.5
5.2 84.7 6.03 27.38 1000 497 936 1413 75.4
86.1 6.07 27.55 -1002 -503 927 1409 76.3
88.3 6.00 27.24 -975 -493 971 1416 74.4
79.8 6.02 27.35 -1023 -495 911 1414 75.5
4.1 41.8 4.14 24.04 696 435 733 1085 52.4
44.1 4.16 24.13 -726 -430 753 1108 54.6
41.7 4.17 24.19 -713 -434 730 1099 53.0
39.5 4.10 23.79 -649 -442 718 1049 49.6
5.2 52.2 5.58 32.37 924 526 1079 1507 72.0
52.1 5.55 32.17 -930 -529 1082 1514 72.4
51.9 5.62 32.58 -913 -527 1089 1510 72.2
52.7 5.58 32.38 -930 -522 1067 1496 71.4
4.1 38.2 4.09 26.44 633 457 828 1129 46.1
38.4 4.05 26.16 -623 -465 839 1131 46.2
38.4 4.13 26.69 -631 -454 820 1121 46.3
37.7 4.10 26.48 -645 -453 825 1135 46.0
5.2 53.4 5.53 35.72 941 566 1364 1737 70.1
54.6 5.50 35.52 -937 -566 1349 1730 70.3
49.9 5.50 35.54 -910 -576 1361 1718 70.3
55.8 5.59 36.10 -978 -556 1381 1765 69.8
4.1 35.5 4.01 27.33 758 478 915 1263 50.9
36.8 4.03 27.42 -758 -491 914 1249 51.6
32.7 3.95 26.91 -728 -480 853 1212 51.8
37.1 4.06 27.65 -789 -464 976 1328 49.3
5.2 47.2 5.25 35.77 1055 539 1408 1832 74.5
48.9 5.43 36.97 -1115 -579 1436 1890 76.0
46.5 5.07 34.55 -971 -525 1359 1745 73.1
46.4 5.25 35.78 -1080 -513 1429 1861 74.5
Lo
ca
ti
o
n
 D
Headform Upper Neck Forces
Un-helmeted
No facemask
Helmet
Helmet + 350 g
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APPENDIX B.2 – Supplement for Chapter 4, Test Series 2, Impact Location C 
  
Helmet Mass
(kg) (kg) (%) (g) (%) (m/s) (%) (rad/s) (%) (kgm/s) (%) (N) (%) (N) (%) (Nm) (%)
Hybrid III - Head 0.00 4.54 0% 124.5 0% 7.14 0% 50.4 0% 32.4 0% 1759 0% 1398 0% 49.6 0%
Helmet A 1.50 6.04 33% 109.9 -12% 6.79 -5% 47.1 -7% 41.0 26% 2937 67% 2747 97% 70.3 42%
Helmet B 1.59 6.13 35% 98.6 -21% 6.94 -3% 48.8 -3% 42.5 31% 2971 69% 2761 98% 72.2 46%
Helmet C 1.84 6.38 41% 93.5 -25% 6.68 -7% 49.1 -2% 42.6 31% 2277 30% 2050 47% 72.7 47%
Helmet D 1.84 6.38 41% 101.4 -19% 6.78 -5% 49.7 -1% 43.3 33% 2340 33% 2076 49% 68.1 37%
Helmet E 1.85 6.39 41% 101.2 -19% 6.55 -8% 44.5 -12% 41.8 29% 2382 35% 2225 59% 74.6 51%
Helmet F 1.85 6.39 41% 106.1 -15% 6.74 -6% 47.6 -6% 43.1 33% 2273 29% 2207 58% 69.3 40%
Helmet G 1.91 6.45 42% 102.4 -18% 6.50 -9% 43.8 -13% 41.9 29% 2357 34% 2232 60% 70.7 43%
Helmet H 1.93 6.47 43% 86.4 -31% 6.40 -10% 42.3 -16% 41.4 28% 2397 36% 1988 42% 69.1 39%
Helmet I 1.98 6.52 44% 100.0 -20% 6.87 -4% 45.8 -9% 44.8 38% 2739 56% 2206 58% 77.4 56%
Helmet J 1.99 6.53 44% 85.8 -31% 6.25 -12% 39.6 -21% 40.8 26% 2361 34% 1881 35% 68.9 39%
Helmet K 2.00 6.54 44% 89.0 -29% 6.34 -11% 41.1 -18% 41.5 28% 2382 35% 1754 25% 70.6 42%
Helmet L 2.06 6.60 45% 86.5 -31% 6.55 -8% 47.0 -7% 43.2 33% 2123 21% 2176 56% 73.1 48%
Helmet M 2.08 6.62 46% 87.3 -30% 6.57 -8% 49.2 -2% 43.5 34% 2184 24% 2559 83% 83.9 69%
Helmet N 2.19 6.73 48% 87.8 -29% 6.35 -11% 45.0 -11% 42.7 32% 2030 15% 1696 21% 66.3 34%
Average 42% -23% -8% -9% 31% 37% 56% 45%
Std Dev 4% 6% 3% 6% 3% 15% 22% 9%
Helmet Mass
(kg) (kg) (%) (g) (%) (m/s) (%) (rad/s) (%) (kgm/s) (%) (N) (%) (N) (%) (Nm) (%)
Hybrid III - Head 0.00 4.54 0% 89.0 0% 5.12 0% 37.5 0% 23.2 0% 834 0% 516 0% 22.2 0%
Helmet A 1.50 6.04 33% 79.7 -10% 4.95 -3% 33.9 -10% 29.9 29% 2177 161% 2030 293% 47.5 114%
Helmet B 1.59 6.13 35% 79.0 -11% 5.05 -1% 35.7 -5% 30.9 33% 2353 182% 2212 328% 47.6 114%
Helmet C 1.84 6.38 41% 68.2 -23% 4.89 -5% 34.2 -9% 31.2 34% 1600 92% 1476 186% 52.2 135%
Helmet D 1.84 6.38 41% 76.9 -14% 4.96 -3% 34.4 -8% 31.6 36% 1696 103% 1539 198% 45.5 105%
Helmet E 1.85 6.39 41% 71.7 -19% 4.92 -4% 33.0 -12% 31.4 35% 1462 75% 1592 208% 52.9 138%
Helmet F 1.85 6.39 41% 84.9 -5% 4.86 -5% 32.5 -13% 31.0 34% 1605 92% 1625 215% 48.8 120%
Helmet G 1.91 6.45 42% 76.1 -14% 4.66 -9% 33.6 -10% 30.1 29% 1705 104% 1715 232% 49.3 122%
Helmet H 1.93 6.47 43% 64.4 -28% 4.78 -7% 33.3 -11% 30.9 33% 1865 123% 1402 172% 45.0 102%
Helmet I 1.98 6.52 44% 76.2 -14% 4.99 -2% 32.4 -14% 32.5 40% 2046 145% 1336 159% 51.6 132%
Helmet J 1.99 6.53 44% 63.1 -29% 4.59 -10% 31.4 -16% 30.0 29% 1748 109% 1074 108% 47.4 113%
Helmet K 2.00 6.54 44% 65.7 -26% 4.73 -8% 32.6 -13% 30.9 33% 1752 110% 978 89% 44.8 102%
Helmet L 2.06 6.60 45% 67.3 -24% 4.78 -7% 34.1 -9% 31.5 36% 1283 54% 1570 204% 53.0 139%
Helmet M 2.08 6.62 46% 72.2 -19% 4.85 -5% 34.8 -7% 32.1 38% 1377 65% 1950 278% 60.5 172%
Helmet N 2.19 6.73 48% 62.0 -30% 4.62 -10% 31.7 -16% 31.1 34% 1332 60% 1040 101% 49.5 123%
Average 42% -19% -6% -11% 34% 105% 198% 124%
Std Dev 4% 8% 3% 3% 3% 36% 68% 18%
Helmet Mass
(kg) (kg) (%) (g) (%) (m/s) (%) (rad/s) (%) (kgm/s) (%) (N) (%) (N) (%) (Nm) (%)
Hybrid III - Head 0.00 4.54 0% 117.1 0% 7.00 0% 49.8 0% 31.8 0% 1929 0% 1648 0% 55.1 0%
Helmet A 1.50 6.04 33% 106.6 -9% 6.64 -5% 46.6 -6% 40.1 26% 3369 75% 3216 95% 66.1 20%
Helmet B 1.59 6.13 35% 98.0 -16% 6.85 -2% 47.5 -5% 42.0 32% 3176 65% 2986 81% 69.0 25%
Helmet C 1.84 6.38 41% 91.4 -22% 6.62 -5% 49.2 -1% 42.2 33% 2309 20% 2218 35% 67.8 23%
Helmet D 1.84 6.38 41% 99.5 -15% 6.68 -5% 49.2 -1% 42.6 34% 2474 28% 2252 37% 61.7 12%
Helmet E 1.85 6.39 41% 99.9 -15% 6.46 -8% 43.9 -12% 41.3 30% 2658 38% 2529 54% 69.5 26%
Helmet F 1.85 6.39 41% 107.2 -8% 6.68 -5% 47.0 -5% 42.7 34% 2396 24% 2483 51% 66.3 20%
Helmet G 1.91 6.45 42% 95.7 -18% 6.42 -8% 42.7 -14% 41.4 30% 2274 18% 2506 52% 71.3 30%
Helmet H 1.93 6.47 43% 82.3 -30% 6.35 -9% 41.7 -16% 41.1 29% 2626 36% 2046 24% 66.0 20%
Helmet I 1.98 6.52 44% 92.0 -21% 6.85 -2% 45.8 -8% 44.6 40% 2921 51% 2521 53% 75.7 38%
Helmet J 1.99 6.53 44% 78.2 -33% 6.27 -10% 38.1 -23% 40.9 29% 2599 35% 1950 18% 67.2 22%
Helmet K 2.00 6.54 44% 85.2 -27% 6.28 -10% 39.7 -20% 41.0 29% 2645 37% 1678 2% 65.3 19%
Helmet L 2.06 6.60 45% 83.6 -29% 6.45 -8% 47.2 -5% 42.6 34% 2187 13% 2118 29% 69.1 26%
Helmet M 2.08 6.62 46% 87.1 -26% 6.44 -8% 50.3 1% 42.7 34% 2132 11% 2772 68% 84.5 54%
Helmet N 2.19 6.73 48% 82.5 -30% 6.25 -11% 44.2 -11% 42.1 32% 2088 8% 1787 8% 67.1 22%
Average 42% -21% -7% -9% 32% 33% 43% 25%
Std Dev 4% 8% 3% 7% 3% 19% 26% 10%
Helmet Mass
(kg) (kg) (%) (g) (%) (m/s) (%) (rad/s) (%) (kgm/s) (%) (N) (%) (N) (%) (Nm) (%)
Hybrid III - Head 0.00 4.54 0% 167.5 0% 9.32 0% 63.8 0% 42.3 0% 2513 0% 2029 0% 71.4 0%
Helmet A 1.50 6.04 33% 143.3 -14% 8.78 -6% 60.8 -5% 53.0 25% 3264 30% 2995 48% 97.2 36%
Helmet B 1.59 6.13 35% 118.7 -29% 8.92 -4% 63.3 -1% 54.7 29% 3385 35% 3084 52% 100.0 40%
Helmet C 1.84 6.38 41% 120.9 -28% 8.52 -9% 64.0 0% 54.4 29% 2924 16% 2456 21% 98.0 37%
Helmet D 1.84 6.38 41% 127.7 -24% 8.70 -7% 65.6 3% 55.5 31% 2849 13% 2438 20% 97.2 36%
Helmet E 1.85 6.39 41% 132.0 -21% 8.26 -11% 56.6 -11% 52.8 25% 3026 20% 2554 26% 101.5 42%
Helmet F 1.85 6.39 41% 126.2 -25% 8.68 -7% 63.2 -1% 55.5 31% 2817 12% 2513 24% 92.7 30%
Helmet G 1.91 6.45 42% 135.2 -19% 8.43 -10% 55.0 -14% 54.4 29% 3092 23% 2474 22% 91.6 28%
Helmet H 1.93 6.47 43% 112.4 -33% 8.06 -13% 52.0 -19% 52.1 23% 2700 7% 2515 24% 96.2 35%
Helmet I 1.98 6.52 44% 131.9 -21% 8.78 -6% 59.3 -7% 57.2 35% 3248 29% 2759 36% 104.9 47%
Helmet J 1.99 6.53 44% 116.1 -31% 7.90 -15% 49.2 -23% 51.6 22% 2736 9% 2619 29% 92.2 29%
Helmet K 2.00 6.54 44% 116.1 -31% 8.02 -14% 51.0 -20% 52.5 24% 2750 9% 2605 28% 101.7 42%
Helmet L 2.06 6.60 45% 108.7 -35% 8.42 -10% 59.7 -7% 55.6 31% 2898 15% 2840 40% 97.2 36%
Helmet M 2.08 6.62 46% 102.5 -39% 8.42 -10% 62.4 -2% 55.8 32% 3043 21% 2954 46% 106.6 49%
Helmet N 2.19 6.73 48% 118.9 -29% 8.17 -12% 59.2 -7% 55.0 30% 2671 6% 2259 11% 82.1 15%
Average 42% -27% -9% -8% 28% 18% 30% 36%
Std Dev 4% 6% 3% 8% 4% 9% 12% 8%
Location C, Impact Speed = 5.5 m/s
Location C, Impact Speed = 9.3 m/s
Total Mass Acceleration ΔV Rot. Velocity Trans. Momentum Res. Upper Neck Force Neck Tension Res. Upper Neck Moment
Location C, Impact Speed = 7.4 m/s
Total Mass Acceleration ΔV Rot. Velocity Trans. Momentum Res. Upper Neck Force Neck Tension Res. Upper Neck Moment
Total Mass Acceleration ΔV Rot. Velocity Trans. Momentum Res. Upper Neck Force Neck Tension Res. Upper Neck Moment
Average of Location C, Impact speeds of 5.5, 7.4 m/s and 9.3 m/s
Total Mass Acceleration ΔV Rot. Velocity Trans. Momentum Res. Upper Neck Force Neck Tension Res. Upper Neck Moment
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APPENDIX B.2 – Supplement for Chapter 4, Test Series 2, Impact Location D 
 
Helmet Mass
(kg) (kg) (%) (g) (%) (m/s) (%) (rad/s) (%) (kgm/s) (%) (N) (N) (%) (Nm) (%)
Hybrid III - Head 0.00 4.54 0% 138.2 0% 8.56 0% 56.9 0% 38.9 0% 2251 0% 1820 0% 86.7 0%
Helmet A 1.50 6.04 33% 112.4 -19% 7.37 -14% 60.8 7% 44.5 15% 2812 25% 2305 27% 97.4 12%
Helmet B 1.59 6.13 35% 119.0 -14% 7.33 -14% 55.4 -3% 44.9 16% 2925 30% 2358 30% 101.6 17%
Helmet C 1.84 6.38 41% 105.8 -23% 7.13 -17% 58.1 2% 45.5 17% 2882 28% 2419 33% 97.2 12%
Helmet D 1.84 6.38 41% 121.0 -12% 6.99 -18% 57.8 2% 44.6 15% 2813 25% 2389 31% 91.0 5%
Helmet E 1.85 6.39 41% 107.4 -22% 7.33 -14% 53.0 -7% 46.8 20% 2978 32% 2363 30% 111.6 29%
Helmet F 1.85 6.39 41% 117.3 -15% 7.10 -17% 58.9 3% 45.3 17% 2836 26% 2603 43% 95.4 10%
Helmet G 1.91 6.45 42% 122.8 -11% 7.09 -17% 51.7 -9% 45.8 18% 2738 22% 2504 38% 102.1 18%
Helmet H 1.93 6.47 43% 96.7 -30% 6.71 -22% 49.1 -14% 43.4 12% 2899 29% 2442 34% 97.8 13%
Helmet I 1.98 6.52 44% 109.4 -21% 6.74 -21% 52.9 -7% 43.9 13% 2833 26% 2479 36% 106.0 22%
Helmet J 1.99 6.53 44% 106.6 -23% 6.46 -25% 52.0 -9% 42.2 8% 3003 33% 2448 34% 91.5 6%
Helmet K 2.00 6.54 44% 92.2 -33% 6.54 -24% 51.5 -9% 42.8 10% 2795 24% 2397 32% 97.9 13%
Helmet L 2.06 6.60 45% 107.5 -22% 7.40 -14% 53.9 -5% 48.8 26% 3028 35% 2393 31% 104.8 21%
Helmet M 2.08 6.62 46% 107.9 -22% 7.33 -14% 59.8 5% 48.5 25% 2999 33% 2510 38% 102.5 18%
Helmet N 2.19 6.73 48% 101.7 -26% 6.74 -21% 50.7 -11% 45.3 17% 2344 4% 2053 13% 78.2 -10%
Average - % Change 42% -21% -18% -4% 16% 27% 32% 13%
Std Dev - % Change 4% 6% 4% 6% 5% 7% 7% 9%
Helmet Mass
(kg) (kg) (%) (g) (%) (m/s) (%) (rad/s) (%) (kgm/s) (%) (N) (%) (N) (%) (Nm) (%)
Hybrid III - Head 0.00 4.54 0% 112.3 0% 6.62 0% 49.9 0% 30.0 0% 1821 0% 1416 0% 77.5 0%
Helmet A 1.50 6.04 33% 94.4 -16% 6.49 -2% 51.8 4% 39.2 31% 2531 39% 2169 53% 78.5 1%
Helmet B 1.59 6.13 35% 105.0 -6% 6.37 -4% 48.5 -3% 39.0 30% 2873 58% 2432 72% 84.1 9%
Helmet C 1.84 6.38 41% 93.0 -17% 6.23 -6% 50.0 0% 39.7 32% 2621 44% 2144 51% 79.6 3%
Helmet D 1.84 6.38 41% 105.7 -6% 6.13 -7% 49.8 0% 39.1 30% 2500 37% 2183 54% 76.5 -1%
Helmet E 1.85 6.39 41% 93.1 -17% 6.48 -2% 46.4 -7% 41.4 38% 2887 59% 2312 63% 96.6 25%
Helmet F 1.85 6.39 41% 102.1 -9% 6.16 -7% 50.0 0% 39.4 31% 2481 36% 2556 80% 72.4 -7%
Helmet G 1.91 6.45 42% 102.7 -9% 6.30 -5% 45.6 -9% 40.6 35% 2189 20% 2552 80% 90.8 17%
Helmet H 1.93 6.47 43% 79.3 -29% 5.98 -10% 43.4 -13% 38.7 29% 2848 56% 2283 61% 82.9 7%
Helmet I 1.98 6.52 44% 89.3 -20% 5.98 -10% 45.8 -8% 39.0 30% 2562 41% 2513 77% 86.2 11%
Helmet J 1.99 6.53 44% 94.5 -16% 5.74 -13% 42.7 -15% 37.5 25% 2947 62% 2454 73% 85.4 10%
Helmet K 2.00 6.54 44% 77.8 -31% 5.82 -12% 44.9 -10% 38.1 27% 2626 44% 2172 53% 81.0 5%
Helmet L 2.06 6.60 45% 100.1 -11% 6.53 -1% 45.5 -9% 43.1 44% 2929 61% 1826 29% 90.9 17%
Helmet M 2.08 6.62 46% 97.8 -13% 6.49 -2% 48.8 -2% 43.0 43% 2652 46% 2288 62% 83.5 8%
Helmet N 2.19 6.73 48% 83.6 -26% 5.87 -11% 42.0 -16% 39.5 31% 1906 5% 1656 17% 66.9 -14%
Average 42% -16% -7% -6% 33% 43% 59% 7%
Std Dev 4% 8% 4% 6% 5% 16% 18% 10%
Helmet Mass
(kg) (kg) (%) (g) (%) (m/s) (%) (rad/s) (%) (kgm/s) (%) (N) (%) (N) (%) (Nm) (%)
Hybrid III - Head 0.00 4.54 0% 164.1 0% 10.50 0% 63.9 0% 47.7 0% 2680 0% 2225 0% 95.9 0%
Helmet A 1.50 6.04 33% 130.5 -20% 8.25 -21% 69.8 9% 49.9 5% 3094 15% 2442 10% 116.3 21%
Helmet B 1.59 6.13 35% 133.1 -19% 8.29 -21% 62.4 -2% 50.8 7% 2976 11% 2284 3% 119.1 24%
Helmet C 1.84 6.38 41% 118.6 -28% 8.03 -24% 66.2 4% 51.2 7% 3142 17% 2694 21% 114.8 20%
Helmet D 1.84 6.38 41% 136.4 -17% 7.85 -25% 65.8 3% 50.1 5% 3126 17% 2594 17% 105.6 10%
Helmet E 1.85 6.39 41% 121.8 -26% 8.17 -22% 59.5 -7% 52.2 10% 3069 15% 2415 9% 126.5 32%
Helmet F 1.85 6.39 41% 132.6 -19% 8.03 -24% 67.7 6% 51.3 8% 3191 19% 2651 19% 118.4 23%
Helmet G 1.91 6.45 42% 142.9 -13% 7.89 -25% 57.7 -10% 50.9 7% 3287 23% 2456 10% 113.5 18%
Helmet H 1.93 6.47 43% 114.0 -31% 7.44 -29% 54.8 -14% 48.1 1% 2950 10% 2601 17% 112.7 18%
Helmet I 1.98 6.52 44% 129.5 -21% 7.49 -29% 60.0 -6% 48.9 2% 3103 16% 2445 10% 125.9 31%
Helmet J 1.99 6.53 44% 118.7 -28% 7.17 -32% 61.4 -4% 46.8 -2% 3059 14% 2442 10% 97.6 2%
Helmet K 2.00 6.54 44% 106.6 -35% 7.26 -31% 58.2 -9% 47.5 0% 2964 11% 2622 18% 114.8 20%
Helmet L 2.06 6.60 45% 114.9 -30% 8.26 -21% 62.4 -2% 54.5 14% 3127 17% 2960 33% 118.6 24%
Helmet M 2.08 6.62 46% 118.0 -28% 8.17 -22% 70.7 11% 54.1 13% 3345 25% 2732 23% 121.6 27%
Helmet N 2.19 6.73 48% 119.9 -27% 7.61 -28% 59.5 -7% 51.2 7% 2782 4% 2450 10% 89.6 -7%
Average 42% -24% -25% -2% 6% 15% 15% 19%
Std Dev 4% 6% 4% 7% 5% 5% 7% 10%
Location D, Impact Speed = 9.3 m/s
Total Mass Acceleration ΔV Rot. Velocity Lin. Momentum Res. Upper Neck Force Neck Tension Res. Upper Neck Moment
Location D, Impact Speed = 7.4 m/s
Total Mass Acceleration ΔV Rot. Velocity Lin. Momentum Res. Upper Neck Force Neck Tension Res. Upper Neck Moment
Average of Location D, Impact speeds of 7.4 m/s and 9.3 m/s
Total Mass Acceleration ΔV Rot. Velocity Lin. Momentum Res. Upper Neck Force Neck Tension Res. Upper Neck Moment
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APPENDIX C.1 – IMPACT FORCE AND IMPULSE CURVES FOR EACH CASE 
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APPENDIX C.2 – ATD HEAD KINEMATICS AND NECK KINETICS FOR EACH CASE 
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Case 7 Struck
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Case 9 Striking
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Case 9 Struck
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Case 38 Striking
-120
-70
-20
30
80
0 20 40 60 80 100
A
cc
e
le
ra
ti
o
n
 [
g]
Time [ms]
Head
AcX
AcY
AcZ
Resultant
-15
-10
-5
0
5
10
15
0 20 40 60 80 100
V
e
lo
ci
ty
 [
m
/s
]
Time [ms]
Head - T1
VX
VY
VZ
Resultant
-60
-40
-20
0
20
40
60
0 20 40 60 80 100
R
o
t.
 V
e
lo
ci
ty
 [
ra
d
/s
]
Time [ms]
Head - T1
WX
WY
WZ
Resultant
-0.5
-0.4
-0.3
-0.2
-0.1
0
0.1
0.2
0.3
0.4
0.5
0 20 40 60 80 100
D
is
p
la
ce
m
e
n
t 
[m
]
Time [ms]
Head - T1
DX
DY
DZ
-60
-40
-20
0
20
40
60
0 20 40 60 80 100
R
o
ta
ti
o
n
 [
d
e
g]
Time [ms]
Head - T1
RX
RY
RZ
-10000
-8000
-6000
-4000
-2000
0
2000
4000
6000
8000
10000
0 20 40 60 80 100
Fo
rc
e
 [
N
]
Time [ms]
Upper Neck
Fx
Fy
Fz
Resultant
-200
-150
-100
-50
0
50
100
150
200
0 20 40 60 80 100
M
o
m
e
n
t 
[N
m
]
Time [ms]
Upper Neck
Mx
My
Mz
Resultant
157 
 
 
 
  
Case 38 Struck
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Case 39 Striking
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Case 39 Struck
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Case 57 Striking
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Case 57 Struck
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APPENDIX D.1 – ESTIMATED STRAIN AND STRAIN RATE IN THE SPINAL CORD 
AND BRAIN STEM FOR EACH CASE  
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Linear and angular velocity and acceleration of the head are typically correlated to 
concussion.  Despite improvements in helmet performance to reduce accelerations, a 
corresponding reduction in the incidence of concussion has not occurred (National Football 
League [NFL] 1996 – present).   
There is compelling research that forces on and deformation to the brain stem are related to 
concussion.  The brain stem is the center of control for respiration, blood pressure and heart rate 
and is the root of most cranial nerves.  Injury to the brain stem is consistent with most symptoms 
of concussion reported in the National Football League and the National Hockey League, such as 
headaches, neck pain, dizziness, and blurred vision.  In the Hybrid III anthropomorphic test 
device (ATD), the upper neck load cell is in close proximity to the human brain stem.   
This study found that the additional mass of a football helmet onto the Hybrid III headform 
increases the upper neck forces and moments in response to helmet-to-helmet impact and 
helmet-to-chest impacts.  A new laboratory impactor device was constructed to simulate 
collisions using two moving Hybrid III ATDs.  The impactor was used to recreate on-field 
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collisions (n=20) in American football while measuring head, neck and upper torso kinematics.  
A strong correlation between upper neck forces, upper neck power and the estimated strains and 
strain rates along the axis of the upper cervical spinal cord and brain stem and concussion was 
found.  These biomechanical responses should be added to head kinematic responses for a more 
comprehensive evaluation of concussion.    
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